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ABSTRACT
“Cosmophysics” as reviewed is a multidisciplinary domain which brings together astroparticle physics,
fundamental physics in space and topics related to the structure and evolution of the Universe. It represents
a growing interface between high-energy particle physics and astro-physics. This paper presents a general
overview of the subject, focusing on cosmology, cosmic rays, dark matter searches and the soon-expected
observation of gravitational waves.
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1 INTRODUCTION that of its ultimate constituents. They do that with

A couple of years ago, it was deemed appropriatd™®" types of detectors originating from accelerator-

to coin a word, namely “cosmophysics”, to cir- based research, while also benefiting from recent
cumscribe a new domain of science developing at’idvances in space technology. The early Universe
the interfaces of particle physics, astrophysics an&moI violent events in the cosmos such as gamma ray

gravitational physics. In the spring of 2000, a work- bursts are the natural _habltat of high energ_y phe-
shop on “Fundamental Physics in Space and rehOmMena. Atthe same time many astrophysicists are

lated Topics” took place at CERN. It was initiated actively studying the global properties of the Uni-

and organized by the Joint Astrophysics Division V€€ and its origin. The word, Wh'ch would COYEf
of the European Physical Society and the Europeaﬁ‘" that, short of a long explanatory circumlocution
Astronomical Society (JAD), while benefiting from — “cosmophysics” —was coined at that workshop,

the sponsorship of ESA and CERN. The meetingand soon picked up by the highly respectable CERN

was an opportunity for laboratory and space physi_Courier [2]. This paper attempts to portray some of

cists to realize the extension of their common goalsthe pertinent domains of r_esea_rgh which 't_ COVErs.
[1]. There was much more to discuss than what ond” March, 2002, a symp.osmm Jo!ntly orga.nlzed Py
usually refers to as “astroparticle physics”, since CERN, ESO and ESA, in Garching (the first of its

several tests of gravitation theory now appear on thédnd!) came back in depth on all these topics [3].
list together with many challenging questions re_This review was written at that time and we exten-
lated to astrophysics and cosmology. Many particIeSiVely use these 2000 and 2002 references.

physicists are bringing new blood and technical ex-
pertise to the study of the cosmos at large, beside
Correspondence to: Maurice Jacob Cosmophysics is a new multi-disciplinary field and
E-mail: maurice.jacob@cern.ch it therefore resists at first sight any clear and sim-

2 COSMOPHYSICS, AN OVERVIEW

An Acad Bras Cienc (2003)75 (2)



136 MAURICE JACOB

ple definition. Nevertheless, one can attempt doin@2.1 THE GLOBAL PROPERTIES OF THE UNIVERSE,
so by listing some of the topical research themesCosMOLOGY IN A NUTSHELL

that can definitely be associated with it. This cannotAs part of cosmophysics, we have first to mention

be exhaustive unless one generates a long shoppque global study of the Universe with the more and

list. The practical definition which we shall use in more precise measurement of the constants which

our selection of topics, consists in focusing on astro—deﬁne its general properties and evolution. We have

physics or space science domains which EXPETIENCE)| reasons to consider the Universe as isotropic and

a big influx qf parucle physicists. This is practlca_l spatially homogenous on a large scale (hundreds of
but too restrictive. Nevertheless we shall follow it ..o o light-years) and these constants refer to

for the limited scope O.fth.IS review. Forthos.e willing the whole Universe (hence their name) even if they
to go further, a special issue of Europhysics News

e . ~Tare time dependent! Among them, one has the Hub-
(initiated by JAD) now provides short but authorita- ble constant, the deceleration (or acceleration)

tive coverages of mosttopl.cal issues[4]. Reference?arameterq, the global density, the shining mat-
[1] to [4] can act as stepping stones to the curren er density, the baryonic density, the “exotic” dark

technical Ilterfelture. ] ] ~ matter density (hot and cold) and the vacuum energy
Therelatively new field of astroparticle physics density. These densities are all scaled, as usually

has almost come of age and it is part of COs’mo'done, according to the critical density which would

physics. Whereas most of the cosmic-ray phys"imply a flat Universe [6]. In the absence of vacuum

cists switched to accelerator based research, Wheéhergy the expansion would then be asymptotically

thgflrst synchrotrons were commsspned mthg _m'dslowed down by the matter density (decelaration)
fifties of the 20th century, some particle physicists

but with vacuum energy providing a negative pres-

have more recentl m k mic-ray re-, . X
ave more recently come back to cosmic-ray ®sure, it would accelerate. Before moving further,

search with new types of deFectors §en3|t|ve to_ VeXyve have however to set the stage and first discuss
rare events, whether associated with weakly inter-

. ) RS i the expansion of the Universe starting with a Big
acting or highly energetic primaries. Dedicated lab'Bang

oratories have been built deep underground, to study Thisis part of the standard model of cosmology,
highly penetrating particles and screen away all theOased on general relativity

others. Among such penetrating particles one has
in particular the neutrinos, whether of a'[mospherlc,it on firmer grounds or to find evidence for depar-

solar or COS-mIC origins, and the still eIu_swe SU"tures. The overall consistency of the picture of-
persymmeltric partners of the known particles [5]'fered by all present data is impressive. This is re-

In the latter case, one searches for those particle§erreol to as “Cosmic convergence”. We shall here

which would happen to be neutral and stable, anqouch mainly two points, namely the expansion of

which are referred to as neutralinos. Extensive ar"che Universe and the structure of the microwave radi-

rays are also built to study rare very high energy ion background (MRB). But, before doing so, we
events. Along both lines, key questions relate torecaII that in the well known Einstein-Friedmann-

particle physics and astrophysics alike and this Iead]s_eobertson framework, the square of the Hubble con-
us already to two important components of COSMO~i 1t is the sum of three terms:
physics, namely the question of dark matter in the
Universe and the study of events of extreme energy H2 = 87 Gp _ i + A (1)

: ; ; . 3 R?2 3
which have both long been associated with astropar
ticle physics. But there is much more to cosmo-The first term is proportional to the matter-energy
physics! density of the Universéo) and to the Newton grav-

itational constantG. If R(¢) stands for the time

Most of the research under way attempts to put
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THE COMING OF AGE OF COSMOPHYSICS 137

dependent dimension scale of the Universe (withBang origin of the Universe. I\ is zero, as it was
H = (dR/dt/R), this term goes a®—* for aradi-  long thought to be the case, the Universe will recon-
ation dominated Universe and &3 for a matter  tractor expand forever according to the actual values
dominated one. The second term is associated witbf the matter-energy density, the critical behavior,
the overall curvature of the Universe, whére- 1,  with its asymptotically slowed down expansion and
0, or —1 for, respectively, a closed (positive cur- zero global curvature being the limiting case in be-
vature), flat or open (negative curvature) Universetween. In any case, the young Universe behaved as
The third one brings the cosmological constgkyf, ifithad been critical. This is the reason why one can
firstintroduced by Einstein in an attempt to stabilize describe its behavior even with only an approximate
an otherwise expanding or contracting Universe im-knowledge of its present density.
posed by the other terms alone. It can be associated Something special may however occur if, for
with a vacuum energy density which is independenta certain lapse of time, the third term happens to
of R [6]. It could however vary according to a spe- become big as compared to the other two. Solving
cial dynamics as the case in the quintessence afthen forR under this new condition, one gets an ex-
proach [3]. ponentially expanding Universe. This is an inflation
The presence of vacuum energy (a vacuum operiod [6].
“dark’” energy density) may seem peculiar since the An inflation period in the very early Universe,
vacuum is defined as the state of lowest energy, aas first proposed by Guth and developed in particu-
energy which, for most practical purposes, can bdar by Linde [6], could have occurred circa 1% s.
taken to be zero, all energies being then measuredfter the Big Bang (breaking of GUT symmetry) or
with respect to that vacuum. This however doeseven earlier and it should have blown up the dimen-
not hold for gravitation since gravitation is coupled sions of the Universe by tens of orders of magnitude.
to all forms of energies including that which may This idea has now gained much currency, up to the
be associated with the vacuum, even in the absengaoint of becoming the present working hypothesis of
of matter or radiation. The presence of a non zeranany cosmologists. This important vacuum energy
vacuum energy is a challenging problem to whichdensity feeding inflation may have resulted from su-
we shall come back later in this section. percooling during a phase transition of the vacuum
It is well known that, in the absence bfand  which occurred as the temperature was decreasing.
A, the matter-energy density is simply related to theThe energy of the vacuum contained in the inflated
Hubble parameter and takes its critical value. TheUniverse was released as latentheatwhen the normal
Hubble constant is the present value of the Hubvacuum phase was eventually reached. This caused
ble parameter which changes with time accordingnflation to stop in a state of very high radiation en-
to relation (1). With the first term only, the Uni- ergy density. If the present vacuum energy density
verse is flat and expands only once, the expansiors not zero (and, as we will see later, there are some
being asymptotically slowed down by gravitational reasons to believe that it could be comparable to the
forces. Our present Universe may however not banatter density!), the Universe will finally expand ex-
critical but one may say that its observed/inferredponentially as its matter density drops dramatically,
density is actually of the order of magnitude of the even if the present acceleration is still very small.
critical value. In any case, unless anything special ~ As is well known, the value oR at present
occurred, the density should have been very closés equal to its value at a remote time multiplied by
to the critical value when the Universe was young(1+ z) wherez is the redshift corresponding to that
and R was small, since the constant term and theparticular time of emission, or that particular loca-
R~2 term become negligible in front of the first one, tion now with respect to ours. Since light follows a
which increases aB~* as one approaches the Big zero geodesic with a time dependent metric, its ob-
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served wavelength (different from that at emission)it accelerated as the vacuum energy eventually took
scales according t&, hence its red shift [7]. the largestrole. However, success cannotbe claimed
After bringing the standard model of cosmol- with this single event and the more so that the nature
ogy into a nutshell, we can come to the actual ex-of this supernova is not known!
pansion of the Universe [6]. This supernova result calls for a far more exten-
The present expansion rate is given by the Hubsive study whereby one could analyze over a period
ble constant. The current accuracy of the measuredf time (typically a month) each supernova among
valueislimited by the errors affecting measurementghousands of them and reach with reasonable statis-
of large distances in the Universe. Type la superdics redshift values up to 2. One should remember
novae, corresponding to collapsing white dwarfs af-that the result relies on supernovae being reliable
ter accretion from a companion star, now appear toeference-candles and behaving the same way over
offer reliable reference candles and they have beehalf of the duration of the Universe! This calls for
tested and used up to= 1, the redshift being deter- more tests [10].
mined by their host galaxy. The apparent luminosity Itis natural that pursuing such studies calls for
is reduced by the square of the present distance bwan ambitious programme as presented, in particular,
also by an extra factaf +z)?, corresponding to the in the SNAP proposal [10, 11].
change in effective emission rate as a function ofthe ~ SNAP (SuperNova Acceleration Probe) aims
redshiftz. Using these new reference-candles hast collecting a much-enlarged sample of supernovae
helped pinning down the value &f, which is now (several thousands). This implies a large sky survey
known to be between 60 and 70 km/sec/Mpc (1pc =and the individual study of each supernova over a
3.1 light years). At the same time this has howeveltime of at least several weeks, in order to record
brought a surprising result. While the expansion ofbrightness and evolution. This is difficult, if not
the Universe was expected to be decelerating beimpossible to do with the present large telescopes,
cause of the attracting masses which it contains, it isince their observing time is completely subscribed.
found to be slightly accelerating! In fact, the super-In fact, the proposal considers use of a dedicated
novae withz-values between 0.5 and 1 appear to besatellite [10]. The proposed space mission foresees
fainter by about 20% than they should be accordinga collaboration including many members from high
to the parameters which one used to give to the Uni— energy physics laboratories and thus would be a
verse, with, in particular, a zero cosmological con-typical cosmophysics venture.
stant or no vacuum energy [8]. One can reproduce
the observed results with an expansion accelerateft? THE MICROWAVE RADIATION BACKGROUND
by vacuum energy and reach a reasonable fit with #irst mentioned by Gamow, as he looked for a proof
critical Universe where 70% of the energy densityof the Big Bang, it was first observed by Wilson
would be that of the vacuum and only 30% would and Penzias in 1964. More recently, the results
correspond to matter (dominating over radiation atof the COBE satellite and those of balloon flights
large R) (Fig. 1). This is an extraordinary result. and ground-based observations [9] have verified its
One may still challenge it on the ground that it is almost-perfect black-body nature and checked its re-
not very significant statistically, but it is the more markable isotropy and uniformity once obvious cor-
so exciting that it fits with the recent analysis of the rections are performed. The latter include, in par-
fluctuations seen in the microwave radiation back-ticular, the Doppler shift associated with the overall
ground [9]! A single supernova observed at high motion of the Sun towards the “great attractor” at
(between 1 and 2) appears to be brighter than exabout 600 km/s, once the motion of the sun in the
pected, as if the Universe first decelerated (whemyalaxy and the infall of the galaxy toward the Virgo
matter energy density was still dominant), beforecluster are taken into account. The temperature is
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Fig. 1 — The present situation with la supernovae: Effective magnitude as a
function of redshift [10] The lower curve is without deceleration. The best fit
(upper curve) implies vacuum energy.

2.73K with fluctuations of only a few parts per mil- has since blown them up by a factor of order 1000
lion over the whole sky! These fluctuations keepbut even such a new distance represents today only
the memory of the effects of gravitational attraction about one degree across in the sky. The spherical
caused by density inhomogeneities up to the timeharmonic multipole analysis of the observed fluctu-
of last scattering of light as it escaped from matter.ations in relative temperature should, accordingly,
The microwave radiation is indeed a signal, whichshow a peak at an angular momentiinof about
originated when atoms were formed from a plasma200 that corresponds to this maximum size of one-
as light dissociated itself from matter and the Uni-degree. This was the first observed acoustic peak.
verse became transparent. This occurred when Dips and peaks are following it as expected at multi-
was about 300.000 years dlg= 1000. pole values of. corresponding to compression and
Whatever their origin may have been, any largedilatation within each particular connected domain
fluctuation could have affected only a plasma re-(Fig. 2). Their relative heights are therefore sensi-
gions where components were in “speaking terms”tive to the baryonic (and electronic) composition of
at that time. With a speed of sound in the plasmathe matter since this plasma is the only part which
equal to ¢3%2, such regions were limited to at most interacts with light as opposed to other forms of dark
200.000 light years. The expansion of the Universamatter also contributing to the gravitational inhomo-
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geneities. When the second peak was not yet clear, The information contained in the tiny fluctua-
the baryonic density looked inconsistent with othertions of the microwave background radiation is re-
observations, with too much baryonic matter. Thisismarkable, the key element being evidence for a flat
no longer the case and a value of 5% of the criticalUniverse. The new balloon data represent an order
density fits with the analysis of the nucleosynthe-of magnitude increase in angular resolution and in
sis of the light elements [3,4]. This clear pattern of signal-to-noise ratio (S/N) as compared to the first
peaks as now observed could hold only provided thaCOBE results. But their global angular coverage
the signal was not modified by a global gravitationalis small! COBE provided a full-sky coverage but
lensing as ittraversed the Universe. The observatiomith a 7-degree resolution and a S/N ratio per pixel
of the first peak and, more recently, of the secondf order 1 only. The present NASA-MAP mission
and third ones, at the expected valued.ofleads should reach aresolution of 12-arc-min with a S/N of
therefore to the conclusion that the Universe is flat,10 and later the ESA mission PLANCK [11] should
with no global curvature. A global curvature would achieve a 5-arc-min resolution with a S/N of 100.
have otherwise strongly modified the signal, smearSatellites offer full sky coverage whereas balloon
ing it or at least modifying its pattern. For instance, flights cannot. In a few years, after the PLANCK
the first peak would shift to a higher value bffor  launch foreseen for 2007, one should have a precise
an open Universe of sub-critical density and do theknowledge of the microwave radiation background
opposite for a closed Universe. that will strongly constrain most cosmological pa-
At that remote time, the observed fluc- rameters and act as a precision test of the standard
tuations were probably the seeds of the big strucmodel of cosmology [12].
tures which developed later through gravitational
attraction and indeed their present size agrees witR-3 COSMIC CONVERGENCE
the largest structures that are observed in the UniThe present status of these two highly topical cos-
verse and which are at the level of about 200 millionmology questions leaves us with extraordinary re-
light years. The remarkable constancy withof  sults. The Universe is flat. Its density is therefore
the large-angle fluctuations (before the first acoustiritical, its baryonic content being of the order of
peak) stands for their scale-independence propertys% of the critical value. Dark matter is likely to be
Such a behavior is expected as the result of primorenly a fraction of the remainder, since best fits con-
dial (quantum) fluctuations blown up by the infla- sidering the radiation background or the expansion
tion of the Universe, a tremendous inflation which seem to favor 70% of the critical density as vac-
should also have imposed a practically flat Universeuum energy and 30% only as matter energy. With
whatever its primordial curvature might have beensuch a vacuum energy, the expansion will keep ac-
and a white noise for the fluctuations before theircelerating. The global matter density thus inferred
gravitational amplifications. agrees with the one obtained through the analysis
The observed fluctuation pattern is thereforeof gravitational lensing of distant objects (cosmic
taken as evidence for a critical density implied by ashear) which brings evidence for a large amount of
flat Universe. Present measurements of the secongark matter and also with the simulation analysis
peak point to a baryonic density which would be of large structures [13]. This convergence of cos-
of the order of 5% of the critical value. The shining mic parameters measured according to very differ-
luminous mass of the Universe is, at most, 1% of theent approaches is remarkable. This is illustrated by
critical density. A best fit to the fluctuation pattern figure 3. Nevertheless one should remember that
appears to favor a vacuum density of 50 to 75% of“theory is the bottom line” and that all these mea-
the critical value, the matter density being limited to surements have a meaning only in the framework of
about 30% [3,4]. a particular theory as summarized by relation (1),
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Fig. 2 — The multipole analysis of the microwave radiation background, com-
bining present satellite (COBE-triangles) and balloon flight-squares) data [3,4].
The dashed curve is the best fit with a critical density. It does not depart very
much from the best fit overall (solid curve). The dotted curve is expected for an
open Universe with no vacuum energy.

which we may challenge. Indeed, isn’t it embar-or R~ (hot) and eventually vanishes with the ex-
rassing to have to conclude within the present theopansion of the Universe. Why are we then at an
retical framework that baryonic matter (the only oneepoch when they compare in value? Our present
we know about) should be only 5% of the energy intime has otherwise nothing peculiar to it. Even
the Universe? One can only wonder at the absenci the vacuum appears to have a large energy den-
of contradiction among the different measurementssity as compared to that of shining matter (at most
[14]. This is also the case if one brings into the pic-1% of the critical value), it is very small accord-
ture the valueH and the age of the oldest stars oning to the “natural” scale provided by the Planck
the one hand and, on the other hand, the agreementass since one may naively expect it to be propor-
between the baryonic density thus found and thational to the 4th power of the cut-off energy asso-
determined from nucleosynthesis [3]. Yet one can-ciated with the Planck scale. It would then miss
not avoid being afraid of contriving too much the by 120 orders of magnitude! At that level of mis-
already precise data with the present theory withoutnatch, even considering instead the other “natu-
new ideas which might be needed, as in the time ofal” electroweak scale of 200 GeV, does not help
Ticho-Brahe when trajectories had to be circles! much. Why is it non-zero and so small? As previ-
A vacuum-energy density present over a longously said, the vacuum energy can usually be rede-
period of time, as opposed to the violent butfined as zero, physics dealing with energy gains or
short inflation period which could have occurred inlosses. This is however no longer the case when one
the early Universe, is constant (independenRdf  brings gravitation into the picture since gravitation
whereas the matter density behaveskas (cold)  couples to all forms of energy including that of the
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Fig. 3—The acceptable zones in héM) and2(A) plane which
are associated with different measurements. Itillustrate the impres-
sive “‘cosmic convergence” met according to the standard model.

vacuum. The vacuum energy can thus no longer beadiation background but, first of all, its overall uni-
cast aside. The recent findings are therefore bringformity valid to a high precision. We have seen that
ing up formidable new problems with this vacuum domains of the distant sky one-degree apart were
energy [15]. Quintessence proposes a dynamicdh no speaking terms when light escaped and they
origin for the vacuum energy but did not solve so farcould not have been afortiori in contact before. How
these problems [3]. come that they look so similar up to a few parts per

A violent inflation at an early time (circa million? With inflation they once overlapped before
10-38 5. nicely fits with all the recent findings. It being blown apart and their similarity is no longer
implies zero curvature and a critical density, which surprising. Understanding inflation (or falsifying it)
should otherwise have been tuned to an amazing aés also a great meeting ground between particle the-
curacy (one part in 73 when the Universe was 1 oretical physics (and in particular string theory) and
second old) in order to be not critical, but yet closecosmology [14]. The very early Universe could have
to critical, today, as it is at least. Inflation explains extended in more dimensions and we could live only
not only the fluctuation pattern of the microwave in one of its 3-dimensional branes.
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To summarize, it is customary to divide all energy events, when one can detect in significant
terms in relation (1) by the one on the left hand sidenumbers very high-energy neutrinos of cosmic ori-
taken at its present value. This reads: gin [17] as soon possible with km-cube-detectors
deep under the sea or under polar ice. As most likely
sw-meson daughters, their direction would point to-
There is now evidence to give the value 0 to the secward sources of extreme-energy protons.
ond term on the right and the question is the relative ~ Even though the question is not fully settled
role of the first and last ones. We have seen thayet, present results on neutrino oscillations seem to
there is evidence for a value ranging from 0.25 topoint at mass difference squared which are of the
0.5 for the former one, a value which tallies with order of 10°2 eV? (or 10-° eV?) and to maximum
direct dark-matter searches (overall motions, gravi-mixing [16]. One may argue that their actual masses
tational lensing, X-ray background, etc). The lattershould be also of the order of 1deV. This deprives
one would then range accordingly between 0.75 andghem of any big role in dark matter, the elusive axion
0.5. All this is relatively new and very interesting being left as a possibility for hot dark matter [5].
but still tentative. It brings a great challenge and The question of supersymmetric particles has

1= QM)+ Qk) + Q(A) @)

calls for further studies [15]. long been a hot topic in particle physics [5] but they
have so far resisted discovery. Inthe framework of a
2.4 NEUTRINOS, SPARTICLES AND DARK MATTER Grand Unified Theory (GUT), they are expected to

With neutrinos, we meet the fundamental question ofprovide needed cancellations among radiative cor-
oscillations between neutrino species as they travelections without which the masses of the weak vec-
from source to detector. This is possible if neutrinostor bosons and that of the still elusive Higgs boson
have a tiny but non-zero mass and this is now the firscould be driven up to too high values. In order to
observed departure from the standard model whichmeet that task their masses should be between 100
assumes them to be massless. Evidence for sudieV (the present lower experimental limit) and 1
oscillations is now compelling [16]. Whereas the TeV (a value where radiative corrections extending
guestion came from particle physics the behavior ofto the GUT scale should start becoming embarrass-
neutrinos are very relevant to astronomy. They of-ing without the compensations offered by supersym-
fer the possibility to study the deep interior of stars.metry). They are hard to avoid in attempts to bring
They are produced at the core but, given their tinygravitation together with the other forces, as itis the
cross section, they are free to pass through the staase with superstring theory [5]. Observing super-
and come out with an unaltered spectrum definecsymmetric particles (sparticles) would indeed be a
by stellar nuclear dynamics. Huge neutrino fluxesstrong experimental encouragement to superstring
are associated with the collapse of a supernova antheorists who still cannot advance any prediction
some neutrinos were indeed caught when the nearbgt the present experimental energy scale of a few
SN 1987 A, located in the Large Magellanic Cloud, hundreds GeV. The possible role of sparticles in as-
was observed. The number of those captured (abotitonomy brings us back to dark matter. Whereas the
ten events) tallies with the huge expected flux. Neu-cosmic density of the stable sparticles could be rela-
trinos could also possibly contribute to dark mattertively low as compared to that of protons, their heavy
and a neutrino mass of a few eV would indeed bemasses could still make them animportant contender
enough to close the Universe. The Big Bang has leffor the cold dark matter part of the Universe. Sur-
several billions of neutrinos for each proton, andvivors of the Big Bang, they hardly interact with
neutrinos with even a very small mass could con-ordinary matter since this implies the exchange of a
tribute in a significant manner to the hot dark mattervery heavy sparticle. They would be seen as WIMPs
density. They will connect to the study of extreme (Weakly Interacting Massive Particles). Despite ex-
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tensive searches with underground detectors, therand this is where they were searched for. At the
is no convincing evidence of their presence [18]. same time, gravitational lensing on the cosmic scale
One may also mention two elusive candidateshas provided evidence for very large dark structure
provided by particle physics and which could alsoand in particular one with 8 solar masses, corre-
contribute to dark matter. There are the very massivesponding typically to 1 galaxies [13]. It has also
monopoles (at the GUT scal@0'® GeV)), which  been realized through the study of X-ray emission
could come from a domain separation in the breakthat there is nothing like a well-defined halo for each
ing of grand unified symmetry. They may however galaxy with empty space in between them, but that
be irrelevant, if the early Universe went through dark matter seems to fill clusters of galaxies. As
an inflation period, a scenario that is gaining muchpreviously said, the analysis of cosmic shear and
currency. The other ones are the previously menthe dynamical analysis of these clusters have pro-
tioned axions. The axion was invented to providevided an independent estimate of 0.3 for the global
a dynamical explanation for the lack of violation of matter contribution ta2 in relation (2), as shown
CP invariance in strong interaction, when it could on figure 3. The prevailing view is that dark matter
most generally occur otherwise in the frameworkfirst organized itself in filament-like structures with
of non-perturbative quantum chromodynamics. Ax-galaxies appearing at the nodes [1].
ions, if they exist at all, could however remain invis- With  MACHOs out of fashion and now
ible because of their vanishingly small interactionsin search for a non-baryonic component, one is fo-
[5]. Monopoles and axions have been extensivelycusing on WIMPs (Weakly Interacting Massive Par-
searched for, but, so far, to no avalil. ticles) with stable sparticles offering possible con-
According to the cosmic convergence foundtenders. As previously said, nothing has been seen
with the standard Big Bang scenario, we think thatso far and the search for such massive neutralinos
most of the matter in the Universe is dark and thatcontinues.
only a fraction of that dark matter is likely to be of
a known type (baryonic), the dominant remainder2> GAMMA RAYS AND EXTREME ENERGY EVENTS
being of an hitherto unknown nature since neutrinosHigh energy events appear in a variety of
cannot play a big role. ways. Cosmic photons of very high energies have
Dark matter should have normal gravitational been seen. They originate, some of the times, in
interactions, since gravitation is universal, and grav-bursts of gammarays and they often come from well-
itational lensing is indeed a promising approachlocalized sources [19]. As a minority component of
when searching for this missing component of thecosmic rays they are particularly interesting, since
Universe. Itwas once thought that the halo of galaxtheir voyage to the detector has been unaltered by
ies could contain a significant amount of dark bary-galactic and intergalactic magnetic fields. Under-
onic matter and, in particular, in the form of non- standing their origin is a fascinating astronomical
radiating stars. They were called MACHOs (Mas-problem. They bear witness to the fact that parts
sive Compact Halo Objects). Their presence carof the cosmos are natural realms for high-energy
be seen through their providing gravitational lens-phenomena. It is not surprising that some particle
ing to bright background objects in the Magellanic physicists are now tuning their detectors to high-
cloud [10]. Even though many dark objects of thatenergy cosmic photons, on the ground, but also in
type have been found, they are definitely neither nuspace. In the latter case, the GLAST (Gamma ray
merous nor massive enough to amount for what ig_arge Area Space Telescope) project is very promis-
needed. Velocities measured in the outer parts oing [10,11]. A NASA mission, GLAST was pro-
the galaxy imply a large amount of matter in an ex-posed and is constructed by particle physicists from
tended non radiant region referred to as the halopmerica and from Europe. It stands as a great in-
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strument for cosmophysics. ground or underwater, which were still in search
Gamma ray bursts could be the most violentfor funding, looked economically far more promis-
events ever seen in the Universe. A beautiful examing. However, satellite studies were still limited by
ple of serendipity since discovered while looking for rate to about 1 GeV and it was recognized that a
something else (nuclear tests in the atmosphere) theglatively modest gamma-ray detector on the moon
are gigantic cosmic explosion. Those now observeatould cover the interesting range extending from 1
with present means occur at the level of one per dayseV to 1 TeV, for which the detectors existing at the
and the energy output could reach that of a milliontime were blind. Progress in space technology has
supernovae. Itis usually beamed but with isotropichowever since allowed one to cover it on satellites.
emission the energy release could reach up to thehe EGRET satellite [11] covers the 50 MeV to 30
equivalent of a solar mass. They last from second€&eV range and the GLAST (Gamma project, which
to minutes, with millisecond spikes. They appearwill be launched in 2005, will cover the 10 MeV
at random in the sky, something natural since theyto 1 TeV range (300 GeV for sure). The sensitivity
are known to be at cosmological distances{ 1  of GLAST will exceed by a factor of 50 times that
to 2 and up to 4.5) now that X-ray and visible-light of EGRET and its angular resolution by a factor of
afterglows could be seen and associated with a ho&t to 100 times better, reaching 20 arc second un-
galaxy of high red shift. The emitting fireball has der best conditions. GLAST is a wide field imaging
an ultrarelativistic bulk motion with gamma factors telescope [10].
of 100 to 1000 [19]. The host galaxy (typically a There are plenty of challenging sources to an-
blue compact one) is usually excited with impor- alyze. For instance, GLAST will study up to 200
tant star formation. With present effort soon to paygamma-ray bursts per year and analyze the time evo-
off (SWIFT satellite for detection and the VLT and lution of flares from active galactic nuclei. It will
KEK telescopes for the quick study of the afterglow, study pulsars and X-ray binaries and extra galactic-
they should be better analyzed and observable up tsources, referred to as blazars [1]. Its accurate po-
z=12. sitioning will be a cardinal asset. It will analyze the
Very energetic Gamma ray burst could resultemission of supernova remnants and therefore check
from the merging of very massive black holes asthe present model for cosmic ray acceleration up to
those present at the center of galaxies, with galaxyl0® GeV.
collisions being frequent at highin a much denser AUGER [11], with its extensive ground-based
Universe. They could also be associated with giantarrays, is also a great example of cosmophysics re-
supernovae called collapstars. In both cases, thegearch. It also originated with some particle physi-
should emit strong pulses of gravitational waves. cists and eventually attracted many more of them.
However, as advocated by A. Dar and A. delt will allow the observation of cosmic rays of ex-
Rujula, some Gamma Ray bursts could be of muctireme energies. Indeed, a very challenging ques-
lower energy but very strongly beamed, and corretion under the heading of extreme energies is that
spond to the early stage of a 1 A supernova. of the few cosmic-ray events, which have been ob-
In the range 100 GeV to 20GeV, the atmo- served with energies above ¥0GeV [20]. Ultra-
sphere is a natural part of a good detector, whicthigh-energy cosmic rays should, in principle not
comes for free. It produces extensive air show-be seen beyond the Greisen-Zatsepin-Kuzmin limit
ers, which can be analyzed with large arrays orof 10! GeV, since the microwave radiation back-
the ground. A decade ago, the brain storming exground should act as a wall at higher energies. Nev-
ercise carried about cosmic-ray studies on the mooertheless a few well established events have already
by ESA (Lunar Science Study Group), did not leadbeen seen [21]. This was achieved in experiments
very far since big proposals on the ground, underwith 100 kn? coverage. The nature and origin of
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these particlesis agreat puzzle. They could be heavg.6 SEARCH FOR ANTIMATTER
ions (iron) produced relatively nearby (closer than
the Virgo cluster) [21] but more exotic origins have Cosmophysics also includes searches for antimatter
been proposed, such as there being daughters of in space.
produced in neutrino-neutrino collisions [1]. In that The very high temperature during the Big Bang,
latter case, the production rate would take benefitvhich first fell as the square root of the time elapsed
from the non-zero mass of the neutrinos in the cossince the beginning, implies ayoung Universe where
mic neutrino background, this raising the centre ofmatter and antimatter were presentin equal amounts.
mass energy. This is a challenge.The primary enHowever, all antiquarks disappeared at 10 microsec-
ergies are such that the observation rate is down tonds and all positrons at 1 second and all that re-
1 particle per kr per century and observing thou- mained was a small excess of matter over antimatter
sands of them requires a very large detector [10]. (one part per billion), which is expected to have re-
Indeed, the primary rate falls from 1 particle/ sulted from conditions met at the end of the GUT
m?/s at (1000 GeV) to 1 particle/kffday at (109 (Grand Unified Theory) era (circa 18 s.) The
GeV), roughly like the inverse cube of the energy.present Universe, indeed contains over a billion pho-
Reaching for very-high-energy cosmic rays thustons per proton which were left by the early annihi-
calls for very extensive detectors. The presentation of matter with antimatter and red shifted by
AUGER project, with its detector arrays covering the expansion.
altogether 3000 kn? soon to be completed in Ar- The story could, however, have been more
gentina, is very promising for the study of the top complicated and antimatter could remain dominant
energies in that range, about which little is knownin some parts of the Universe. This would have
[21]. resulted in the formation of antihelium during the
The EUSO (Extreme Universe Space Observafirst 200 seconds and of heavier antinuclei produced
tory) project [10, 22] would meet that challenge. In- through the evolution of antistars. Searchers for an-
stalled on the ISS (International Space Station), theimatter at the cosmic scale have been conducted
detector would survey an area of about @D kn? by looking for the gamma-ray annihilation line of
of the Earth’s atmosphere and detect cosmic-ray inpositrons against electrons, but with no result so far.
teractions beyond 6 GeV through the UV lumi-  Current accuracy levels brings any antimatter den-
nescence, which they produce. The signal can beity in the Universe down to a value of less tham40
disentangled from those expected from other sourcesf that of matter; ant this over the whole visible Uni-
such as gamma-ray bursts. The part of the atmoverse [23]. The collision of a galaxy with an anti-
sphere under watch is equivalent to a detector otjalaxy is expected to be a slow process since a hot
10'3tons. The observed development of the showeradiation buffer quickly prevents their interpenetra-
would distinguish hadrons from neutrinos. The sys-tion and rapid annihilation. There is plenty of time
tems used in the detector benefit much from re+to check for electron-positron annihilation and noth-
cent developments triggered by the LHC, the Largeing is seen. Nevertheless, it is always worthwhile
Hadron Collider, a 14 TeV proton-proton collider to push down a limit by several orders of magni-
under construction at CERN. tude and, may be, detect a signal. The AMS (Alpha
One looks forward to the detection of very high Magnetic Spectrometer) project will push down the
energy neutrinos using K¥rdetectors under water antihelium over helium ratio from I®, which it
(ANTARES) or under the polar ice (Ice Cube) as already reached on a Shuttle flight in 1999, to 9,0
possible in a few years [17]. which it will achieve when installed on the space
station after 2002 [24] (Fig. 4). Antiprotons and
positrons are present among cosmic-rays primaries,
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Fig. 4 — The AMS detecting power for antihelium during the Shuttle flight (dark area) and as it
will be on the ISS [10].

but they are expected to result mainly — if not en-one finds as many upward as downward protons
tirely — from proton collisions with interstellar dust. among those of lower energies (up to 6 GeV) that
The jackpot would be finding antihelium and, evenhave all been trapped in the Earth magnetic field.
better, anticarbon as evidence for antistars. The positron over electron ratio is found to be of the
Searching for antimatter in space with order of 3 but this follows most likely from the rela-
such accuracy and over a wide energy range (up ttively abundant production of + in proton-proton
100 GeV), calls for a sophisticated particle detectorcollisions. The first experiment used a permanent
AMS is a NASA mission but prepared, constructedmagnet. Flying a very sophisticated detector with
and operated by particle physicists from Americaa superconducting magnet, as in the space station
and Europe and all over the world [10,11]. This version to come, will be a great premiére [24].
research is again a clear part of cosmophysics.
The Shuttle flight of AMS in 1999 has already 2-7 IN SEARCH OF GRAVITATIONAL WAVES
provided a host of interesting data about cosmic ray$n much the same way as the acceleration of a charge
up to 10 GeV, observed at an altitude of 400 km al-gives an electromagnetic radiation which propagates
titude. The Earth acts as a shield for high-energyin a transverse way at the speed of light and with a
protons (over 6 GeV) and they come only down-field value decreasing as the inverse of distance (and
ward but, at low latitudes (higher magnetic field), energy flux decreasing like its square), the rapid de-
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formation of a massive object produces gravitationais expected from gravitational radiation.

waves with similar global properties. This is a con- The difference in displacemehbetween two
sequence of Einstein’s theory of General Relativity.points separated by a distancés related in a ten-
Gravitational waves propagate as ripples on the fabsorial way to the wave amplitude which produces it.
ric of space-time, which is locally curved by the One may however refer for the sake of simplicity to
presence of masses. Since gravitation couples the linear relation, with a wave amplitudedefined
same way to all forms of energy, and since wavesasd!/dx. Tiny differences in displacement can be
are associated with the rapid changes of shapesneasured by laser interferometry alndan be de-
the simplest form of gravitational radiation is of a tected down to values of 162 to 10-23 [23,26].
quadrupole type and not of a dipole one as in théNith such sensitivity, a host of expected sources
case of electromagnetism. The latter distinguishegsould be detected whereas they were, so far, out
between charged and neutral particles whereas grawf the reach of existing detectors. Detectable waves
itation affects all particles and they all behave thecarry much energy (as much as that received with the
same way in a gravitational field according to thelight of the full moon) but the fabric of space-time
equivalence principle. One therefore needs a tenis very rigid and the detectable effect is exceedingly
sorial relation to connect a displacement due to thesmall.

passage of a gravitational wave at a particular space- In order to estimate the value a&f which is
time point to a different displacement at an other oneexpected from some sources, one can consider a self-
(a tidal effect). This tensorial relation is all that is gravitating mass¥ with size R. It has a typical
allowed by the universality of free fall [25]. Such a frequency:

difference in displacements can be measured as the 1

wave encounters a detector sensitive to tiny relative f= (G_M> 2 A3)
displacements as a laser interferometer, and the de- R3

tected signal will follow the periodicity of the wave. The energy flux, which is received, is proportional
Let us consider a dipole made of two 0ppo- to the square of the frequency timesandh thus re-

site charges which separate at constant velocity, ongtes to the second time derivative of the quadrupole
being kept at the origin. There should be no netmoment. Inrelations (3) and (4), the “proportionali-
physical effect according to relativity and no radia- ty” wiggly sign means “same order of magnitude”.
tion can be associated with the first (and only) timeThe amplitude: is proportional to the gravitational
derivative of that dipole. The same applies to theconstantG. It is inversely proportional to the dis-
second derivative of a quadrupole made of objectgance from the soureeand, as just said, proportional
which separate at constant velocity. Whereas theg the second time derivative of the quadrupole mo-
electromagnetic flux is therefore proportional to thement. The presence of these three terms is fairly
square of the second time derivative of an emittinggpvious. The velocity of light is taken as unity; and
dipole, the gravitational energy flux is proportional this is actually all there isto it. One canthen estimate
to the square of the third time derivative of an emit- the time variation of the quadrupole moment from
ting quadrupole [25]. The collapse of a supernovathe sizeR and the typical frequency of the source,

may resultin animportant quadrupole change withingnd one easily reaches the most interesting relation
afew milliseconds. The rotation of a massive binary[27] at the order of magnitude level.

system provides a periodic change of its quadrupole

with a typical frequency of 10° Hz and that over h = (GM) <%) (4)
millions of years. They are both likely sources of re? Re?

gravitational waves. In the latter case the evolutionit gives # as the product of two terms. The first
of the Hulse-Taylor binary fits perfectly with what one is the gravitational potential of the source and
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the second one is its compactness. If one explicitiymerging, the typical frequency is inversely propor-

introduces the velocity of light, as done in relation tional to the mass and is of the order of*19z at

4, both terms carry a2 factor and they are then the Chandrasekhar limit, ie the mass above which

dimensionless, asis by definition. black hole formation can no longer be stopped by
Unless the compactness is high (0.5 for a black-ermi pressure. This means a typical frequency of

hole),the amplitude is therefore small as compared.0~—2 Hz for a black hole of 10 millions of solar

to the gravitational potential created by the sourcemasses. These massive black-hole effects extend

One thus gets the image of ripples on the fabric ofover months or years.

curved space-time, already referred to twice. In- Waves can be periodic as those emitted by com-
deed, the compactness factor may often be only opact binaries. The typical frequency then ranges
the order of 10, even for a compact binary. from 107 to 1072 Hz.

The flux can then be easily calculated from (3) They can also be stochastic such as the gravita-
and (4), bringing the different terms together. Onetional noise due to the superposition of many binary
finds that it is proportional to the fifth power of the emissions, that which was left by the Big Bang or
compactness [27]. This shows that black-hole orthat due to cosmic strings passing through.
neutron neutron-star formation or their merging are There are other potential sources but these few
very favourable sources, whereas stable compact billustrate the possibilities offered by present and de-
naries could seemto be out of reach. Thisis howevesigned detectors.
not the case since one can rely on their periodicity A key point is that one should distinguish a
to reach much lower values @&f actually gaining high frequency range (circa 16iz) where one finds
a factorn®/?, where n is the number of rotations sources stemming from a supernova collapse and the
which can be studied [27]. This provides an effec-end stage of compact binaries. This is accessible
tive (much increased) value farwhich is the one to ground-based detectors which can be screened
to be matched by the sensitivity of the detector. Iffrom noise at frequencies greater than 10 Hz, but not
there would be no problem with observation time, below. These events are very rare in our own Galaxy
the numbem would be the larger the weaker the (at most a few per century) and one has to reach
radiation (or the compactness) is, since high comfor the Virgo cluster with its thousand of galaxies
pactness increases the flux and reduces the lifetimend loose accordingly two orders of magnitude in
In practice, the observation time will be very much amplitude as measured on the Earth.
shorter than the lifetime of a binary (hundreds of At low frequencies (i.e. around 18 Hz), one
millions of years) but there is anyway a compen-finds the regular emission of compact binaries and
sating effect thanks to which the relation betweenphenomena associated with very massive black
the overall recorded signal and the compactness dfoles (having tens of millions of solar masses) such
the source is much reduced. Compact binaries in thas those, which exist at the centre of most galaxies.
galaxy are thus also observable with effective valued his should therefore be a frequency range accessi-
of h ranging from 1022 to 1029, and this even if  ble only with a detector in space (1bto 10~* Hz)
these binaries have a relatively small compactnessand this is the range of the LISA project, which

There are different sources of gravitational should be launched circa 2010 as an ESA-NASA
waves. They can come in bursts. This is the casenission [26]. Wave lengths at such frequencies may
for a supernova collapse and for a binary coalesrange up to many millions of km and the LISA space
cence, ring down and merging. A typical frequencyinterferometer has, accordingly, arm lengths of 5
in both cases is 1@ (Hz), which the binary “chirp-  Gm. The proportionality between the measured rel-
s” through when it radiates most strongly as it rings ative displacement aridtimes the arm length holds
down and coalesces. For black-hole formation oronly if the latter is small as compared to the wave-
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Fig. 5—The LISA interferometer, which “tumbles” as it orbits the Sun, trailing the Earth by
20 degrees onthe same orbit. The 60-degree inclination of the plane of the interferometer with
respect to the ecliptic is chosen to minimize the relative displacement of the 3 spacecrafts,
which follow similar, but different orbits that are slightly inclined against the ecliptic. The
tumbling varying orientation of the plane of the interferometer will help in determining
direction and polarization. The size of the detector is not in scale with the orbit!

length (Fig. 5). time and one detector is enough. The valueg of
Sources exhibiting a higher frequency are tran-can be more safely estimated and the observation of
sient ones and assured detection requires coincgravitational waves stands as a test of Einstein the-
dence measurement from different detectors to avoidry that is independent of astrophysical modelling.
spurious noises. The estimated amplitudes depenéls shown by figure 6, observations from space and
much on astrophysics models and the detected sigrom the ground are clearly complementary. Space
nals will have to be checked against templates caleffers access to very massive black holes anywhere
culated accordingly. For sources in the lower fre-in the Universe with the detection of phenomena
guency range, signals extend over long periods ofvhich could not be seen otherwise. It should meet
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assured success with the many compact binaries isuch ground detectors cannot be screened from low
the Galaxy. Nevertheless, working on the groundfrequency noises (below 10 Hz) and a space detector
is obviously easier and cheaper and this is comis required to detect and study gravitational waves
ing first. There is actually a sizeable overlap be-at low frequencies. A generous band width around
tween the ground and space research communitiel0—3 Hz is particularly interesting, since, beside
and one may look forward to most exciting discov- compact binaries in the galaxy (which should num-
eries within the coming 10 to 15 years. ber in the thousands), it also covers signals from very
Detecting gravitational stochastic waves and inmassive black holes (with millions of solar masses),
particular noise which would be the echo of the Bigwhich are known to exist at the centre of most galax-
Bang, would be a great event. However, one cannoies [28]. The achievable sensitivity is such that
predict at which level of: it should be expected. It merging of such black holes could be detected any-
would extend over both the space and ground winwhere in the Universe (up to high redshif values).
dows of figure 6. Observing gravitational waves The observation of gravitational waves is expected
from objects with high compactness will open ex- to open a new window in astronomy, much as radio-
perimentally the domain of gravitation in high fields, astronomy did in the past. However, their exis-
with its non-linear effects. It can also be showntence and study also clearly connect to fundamental
thatthe flux received from compact binaries togethemphysics. Observing them is a test of Einstein’s grav-
with its time variation could be enough to provide itation theory. Studying them will, at times, give ac-
an independent measurement of their distance [27kess to gravitational phenomena in high fields about
They could turn into interesting standard candles. which no observational information is yet available
Long searched for with no success with bar de-and where advancing predictions is still a great theo-
tectors set to resonate at frequencies of the order aktical and computational challenge. Indeed, the di-
10° Hz, (typical of a supernova collapse), they havemensionless parameter (compactness), which char-
triggered long and steady improvement of those deacterizes that regime, is of order 1 for a black hole
tectors, carried out in particle or nuclear physics lab<{0.5 to be precise) whereas compactness is of the
oratories. The sensitivity currently reached, whichorder of 10°® only for compact binaries or for the
corresponds typically to avalue of t# fortheam-  Sun. This factor tells us how the dimension of an
plitude of a detectable gravitational wave, is how-object differs from its Schwarzschild radius. The
ever still not enough for the estimated amplitudestudy of gravitational waves should soon become an
expected from frequent or stable signals, which aremportant component of astroparticle physics and
at the level of 1022 only (figure 6). This is what cosmophysics.
is expected from promising sources such as asuper- Back in the seventies of the 20th century, a
nova in Virgo (around 1®Hz) or a rotating compact panel on fundamental physics in space chaired by
binary in the galaxy (around 18 Hz). Laser in- Hermann Bondi had recognized the great value of
terferometry should allow one to reach the requiredthe observation of gravitational waves in space but
sensitivity level and even exceed it by an order ofhadto admitthatthe needed technology would rather
magnitude [1,10]. Particle physicists have taken &e that of the 21st century. This enabling technol-
very important role in the conception and construc-ogy is now within reach and should be soon tested
tion of such detectors with arms of several km, suchin free flying conditions. This includes in particular
as LIGO in America and VIRGO in Europe. One the so-called drag-free conditions which provide for
may hope that a signal will atlong last be seen withinthe test masses to always be in free fall [23].
afew years. Among the new interferometer-type de- Drag-free systems also make it possible to test
tectors at the completion stage, there are also GEQravitation theory to unprecedented accuracy. In
in Germany, and TAMA, in Japan [1]. However, particular the equivalence principle should soon be
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Fig. 6 — Detection efficiency (effective h versus frequency) of the space detector (LISA) and ground
based ones under construction (VIRGO, LIGO). It also collects valuésespected from some
promising sources, like massive black-holes (taken &t 1) compact binaries in the galaxy and
supernovae taken to be in Virgo.

tested at a level a million times better than the oneand more generally to cosmophysics. Gravity Probe
presently available, which is of the order of #8 A was already flown on a rocket 25 years ago. It
[10]. This is the goal of the STEP proposal (ESA/tested (to 70 parts per million) the change in the
NASA). Somewhat earlier, the MICROSCOPE mis- flow of time associated with the earth gravitational
sion (CNES) should reach 1@ [29]. The post- potential.
Newtonian parameters of Einstein’s theory could We have thus attached to cosmophysics an im-
also be measured with a precision better than ongortant part of what is usually referred to as funda-
partinamillion, whenthe presentlimitis 16. This  mental physicsinspace[11,23]. The latter, however,
is in particular the case for the parameter gammaomprises more since we left aside its condensed
which relates the presence of masses to the curvanatter physics part (in particular, the study of helium
ture of space-time [30]. Tests have been proposeduperfluid transitions) and its atomic physics part (in
but no mission has been yet seriously consideregarticular the study of Bose condensates and atom-
along that line. beam-interferometry). They all can be studied with
The NASA mission Gravity Probe-B [1,11] high precision under microgravity or, even better,
should soon test the frame dragging due to rotatfree-fall conditions [11].
ing bodies (the Lense-Thirring effect), which is pre- In the case of microgavity conditions, as pro-
dicted by Einstein theory. All these tests of gravi- vided by the ISS, the conception and construction of
tation theory belong to fundamental phsics in spacéetter clocks is also an important asset for cosmo-
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physics. Caesium (and rubidium) clocks and hydro-cosmic-ray research. This research is still largely
genmasers flownin space willincrease present clockonducted on the ground or underground/under-
precision by at least an order of magnitude. This iswater but it is increasingly turning to space, bene-
in particular the goal of the ACES (Atomic Clocks fiting in that case from recent progress in satellite
Ensemble in Space) project for the Space Stationconstruction and operation.
Precision clocks in space represent a key enabling It is clear that the core of particle-physics re-
technology access to many precision tests of gravsearch will remain anchored on accelerators and the
itation and to checking the assumed constancy ofHC stands as the promising machine for many
fundamental entities such as the fine structure conyears to come, with thousands of users. The present
stant [1]. challenges of particle physics are best met that way
and cosmophysics can represent but a complemen-
tary approach to some of them, such as the properties
of neutrinos and the possible presence of sparticles.
The topics which have beenthus selected toillustrat&ut cosmophysics offers great challenges of its own
cosmophysics bring together many exciting resultsand, whereas the migration towards space-oriented
and carry great hopes for the near future. What igprojects implies many researchers, it is to be seen
most impressive is the consistency of all the datan terms of particle physicists turming to space (ex-
with the standard model of Big Bang cosmology, perimentalists and theorists) far more than in terms
but with a new and surprising result about the vac-of particle-physics questions, which could be better
uum energy density, which looks like a revenge ofstudied in space or with cosmic rays.
the steady state picture! Angular coverage and accu- Some particle physicists did turn to space-ori-
racy are still often limited and the conclusions drawnented research when tired of the very large collabora-
certainly call for further tests and perhaps new ideastions, which have become the rule with accelerator-
Atthe sametime, new detectors are soon to open neWwased research. They have however quickly dis-
windows or improve greatly on present accuracy. covered that cosmophysics also calls for important
Cosmophysics was born from some great chalinternational collaboration on a large scale, and they
lenges offered by the study of the cosmos, whichnow often miss the flexible administrative umbrella,
cut across standard disciplines, and from the recerwhich they had long taken for granted as users of
developments in instrumentation, which make suchCERN. Itis important for them not to loose contact
studies possible with unprecedented accuracy anwith the laboratory as it is important for CERN to
efficiency. Many high-energy physicists have turnedremain a focal point for this research. Cosmic-ray
to this research making use of recent progress in inresearch was actually listed long ago among the mis-
strumentation brought by particle physics researctsions of the Organization. The concept of “recog-
on accelerators. Among them, one may mentionnized experiment”, which has been recently imple-
the time projection chambers, the silicon detectorsmented, follows such lines. It allows approved as-
the hardened electronics, the bolometers, new phdroparticle physics — or now cosmophysics — exper-
tomultipliers, cryogenic detectors, but one shouldiments to feel at home at the laboratory even if they
also mention simulation programmes like GEANT do not benefit from any funding from the Organiza-
and new data-acquisition and data-handling techtion. This is already the case for AMS, AUGER and
nigues. There are also the construction skills forLISA. Others will certainly follow. In the United
very large or very compact detectors. This is notStates, the large particle physics laboratories and in
the place to describe this in any detail [1,10]. Manyparticular Fermilab and SLAC also conduct cosmo-
particle physicists are introducing these new detecphysics research.
tion techniques, strengthening the present revival of

3 CONCLUSIONS

An Acad Bras Cienc (2003)75 (2)



154 MAURICE JACOB

RESUMO

space research-CERN academic training series.

“Cosmofisica” é um campo multidisciplinar de pesquisa [11] We merely mention by names present projects and

que abrange fisica de astroparticulas, fisica fundamen-
tal no espaco e tépicos relacionados com a estrutura e a
evolucao do Universo. Representa uma interface cada vez
mais importante entre fisica das particulas elementares a
altas energias e astrofisica. Neste artigo é apresentada
uma revisao geral do assunto, com foco em cosmologia,
raios césmicos, matéria preta e ondas gravitacionais, que
se espera que sejam detectadas em futuro proximo.

approved or proposed missions with only a few words
about their goals. They are described in details in
recent road maps such as: Roadmap-JPL 4000-808
4/1999. Cosmic Journeys - Structure and evolution
of the Universe NASA roadmap-2033 (2003). ESAs
reportto the 2000. Cospar assembly SP-1241 (2000).
See alsoEVERITT F, AHLERS G, JACOB M, VITALE

S anD BigeLow N. 2001. Fundamental Physics in
space. Proceedings of the 33rd Cospar assembly.

Palavras-chave: astrofisica, cosmologia, ondas gravi- [12] REgs M. in Ref 3.
tacionais, pesquisa espacial, Universo (estrutura e evof13] MeLLIER Y. in Ref 3. SAcKETT D. in Ref 4.
lugao). [14] Turok N. in Ref 3.

[15] The particular values found for the cosmic constant
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