Draft of the Fundamental Physics Roadmap

The Fundamental Physics Roadmap Advisory Team (&kPRhas been convened by ESA in
order to draw up recommendations on the scierdiiid technological roadmap necessary to
lead Europe toward the realization biture space missions in the framework of the Cosmi
Vision 2015-2025 plan in the field of fundamenthipics. The scientific fields covered are:

- tests of fundamental laws and principles;

— detection and study of gravitational waves;

— quantum mechanics in a clean environment;

- cold atom physics, new frequency standards andtgotechnologies;

- the fundamental physics of dark energy and darkemnat

— space-based efforts in astroparticle physics.

What follows is a draft of the roadmap documeramsitted to the community in order to be
discussed at the workshop convened at ESTEC or2 Zk2uary 2010
(seehttp://sci.esa.int/fprat It should be stressed that this is by no medmsahdocument.
The final version of the Fundamental Physics Roawidl be made public a few months
after the workshop.

! Given the nature of this document, no explicierehces are given. The reader is referred to
the excellent reviews existing on the subject &erences.
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A. Introduction
A field at the crossroads of many scientific interests

The topics listed in the mandate of FPR-AT formeaywisible science program which lies at
the interface between the two fundamental theafegshysics in the XX century: general
relativity and the quantum theory.

One may group the searches associated with thiggrounder two intimately connected
areas of research:

Tests of fundamental lawsests of fundamental principles, in particular #guivalence
principle (weak equivalence principle, local Lorzimvariance and local position invariance
including constancy of constants), tests of the ddgravity at all length scales, as well as in
its weak or strong regime, structure and dimengitynaf spacetime, tests of the foundation
of quantum mechanics,

Search for fundamental constituentalar fields for dark energy, wimps for dark regtt
fundamental strings, etc.

The field has an agenda and priorities of its owhibcannot be completely separated from
astrophysics or solar system physics. Several ebemmpm@strophysical observations put
complementary constraints on fundamental laws;nteegcesses observed in high energy
cosmic particles may be due to wimp annihilatiort liso astrophysical sources (e.g.
PAMELA positron excess and pulsars), planetary iomss provide strong constraints on
important tests of fundamental physics (e.g. C@sbnt the exploitation requires a good
knowledge of these missions and of the dynamid¢keofolar system.

Finally, one should note the rich interface wittaeye variety of other fields, such as Earth
observation (GRACE, GOCE), geodesy, and navigaiitis is a very special feature of this
field, which provides a complementary reason fa tndamental physics community to
have access to the space program and to develoywitsechnology.

New communities

It is important to stress that fundamental physissa whole represents communities with
recent access to space. Even though this may Ieadifficulties at a time of budget
constraints, it is a sign of vitality and progréisat space agencies have the potential to attract
new communities and make the necessary room fon.tkine would be worried about the
future of these agencies otherwise.

These new communities bring new and diverse teoged to space. This requires the
evolution of development plans adapted to theiBps®f these technologies, in particular

sufficient financial and personnel investments, angpecific attention to the novelty of the

requirements. It has been stressed that the temfieslof fundamental physics have, despite
their specificity, a large potential for applicatito very diverse fields.



Finally, even though these communities are relbtimew to space, they already have some
space experience: the LISA program is almost adex old; T2L2 is under operation and
ACES and MICROSCOPE are well advanced; and in patticle physics, besides PAMELA
and Fermi, AMS is ready to be launched.

The Cosmic Vision plan

Europe has set up in 2005 an ambitious plan forygaas 2015-2025: this is the Cosmic
Vision plan fvwwesa.int/esapub/br/br247/br247.pdf A call has already been issued for two
medium (i.e. 450M€) missions, called M1 (launct2@17) and M2 (launch in 2018) , and one
large (i.e. 650M€) mission, called L1 (launch ir2@D The missions Solar Orbiter (M) and
LISA (L) were transferred from the earlier progralESA and LISA will be a candidate for
L1.

The selection process is ongoing with crucial datesarly 2010 for the M missions (down
selection from 6 to 3 or 4 missions); and in 20drlthe L missions (down selection from 3 to
2 missions). A call is expected to be issued in12fat a M3 mission (launch in 2021) and
later for a L2 mission (launch in 20257?). These @abgiously tentative dates, subject to
change as the Cosmic Vision program develops.

In the first Cosmic Vision call in 2006, fundamdrghysics had a disappointing performance.
Apart from the dark energy mission (now called Ei)chwhich has some scientific relevance
to the field, and the proposal of an instrument BGiar Gravity Advanced Package) on a
planetary mission, no mission was selected in itiséfound (LISA which was included later
was already in the ESA program). Reasons for thligemtatively be analyzed below but it is
clear that the importance of the next M3 call fandamental physics cannot be
overemphasized. This is one important aspect gbteésent roadmap effort.

Given this, and the general Cosmic Vision schedu&will define short, mid and long term
as follows:

short term: 2010-2011 (getting ready for M3 call)

mid term: 2015 (getting ready for L2 call)

long term: 2020 (preparing the post-CV era)

B. Thescientific field covered by thisroadmap : present status
B.1 Overview

The field of fundamental physics is described by axtremely successful theories developed
through the XX century: quantum mechanics and general relatifihe basic principles of
guantum mechanics have been tested with greatssictegether with special relativity, the
guantum theory provides the framework for the Séatidlodel which describes successfully
the electroweak and strong interactions of funddedgrarticles. General relativity provides a
very detailed description of the gravitational naigtions.

Until now, there has not been any clear indicatibat the quantum theory or general
relativity is not consistent with observational experimental facts. But the theory
encompassing both the Standard Model and gendativity is yet to be written. The

clearest sign of a difficult confrontation betwettre two theories lies in the concept of



vacuum energy, computed within the quantum theoryet many orders of magnitude larger
than allowed by the constraints coming from the @itexpansion of the Universe.

Theories, which are candidates for achieving suchnidication (string theory, quantum
gravity, extra spatial dimensions) tend to leatirty violations of basic principles:
* The space-time frame is modified (quantum natuossibly extra spatial dimensions
as in string and brane models): this may leadatations of Lorentz invariance.
» Some constants of physics are found to have a dgaaorigin : they tend to evolve
with time which leads to violations of the equivate principle.
« The law of gravity may be modified at some scaleonf microscopic to
cosmological).

In parallel, there might be good reasons to mothigy theory of gravity to account for the
observational facts that lead to the concepts ok daatter and dark energy. But most
endeavours in this direction are plagued with difiies showing that, if there is an
alternative to general relativity, it is probablyery special theory.

An alternative is to introduce new long range ferc&here are many proposals in this
direction, most of them using scalar fields. Thetdenown examples are found among the
dark energy models. When put in the context ofisgaltheories, these new long range forces
very generally tend to lead to violations of som&d, especially of the equivalence principle.

Fundamental laws

The equivalence principle i.e. the equality betwteninertial and the gravitational mass has
played an important role in development of gravityis central in general relativity and, as
such, tends to be violated in many extensions ofeg® relativity, whether they are

modifications of gravity or they include extra lomgnge forces. Testing the equivalence
principle and searching for its violations is there central to the field of fundamental

physics.

The form of the equivalence principle used by Emshas three manifestations:

i) universality of free fall (UFF), usually referred tas the weak equivalence
principle, tested by comparing the accelerationstwd bodies of different
composition in an external gravitational field;

i) local Lorentz invariance (LLI), tested by comparitige speed of light and the
limiting speed of massive test particles, by deteimy the Lorentz
transformations, and by testing the independerm®a taboratory orientation and
velocity;

i) local position invariance (LPI), which states ttieg result of any non-gravitational
experiment is independent of where and when itadopmed; it implies the
constancy of the fundamental constants of non-gaenal physics.

Many theories considered in the context of unif@mator of dark energy lead to time-

dependent constants and thus to violations ofdbal Iposition invariance. This in turn leads
to violations of the weak equivalence principleeTHinstein equivalence principle is the basis
of metric theories of gravity, which predict a umisal gravitational redshift and the

universality of free fall. A stronger version tiet equivalence principle (Strong Equivalence
Principle) is satisfied by general relativity: io&s one step further than the Einstein
equivalence principle by replacing test bodies élf-gravitating bodies and generalizing to

all experiments (instead of non-gravitational expents only).



Precision tests of the Einstein Equivalence Priediave made remarkable progress in recent
years. High stability and accuracy atomic clockscaombination with time and frequency
transfer links can be used to measure the effegtafitation on time, to perform tests of the
local Lorentz invariance and local position invada. Clocks in GPS satellites have provided
precision tests of LLI. The comparison of terredtatomic clocks based on different atoms
and atomic transitions is today providing stringests of LPI in the Sun’s gravitational field,
at the same time searching for time variationsusfddmental constants to unprecedented
uncertainty levels and in well controlled and rercible environments. On the other hand,
the most accurate measurement of the gravitatieaashift, a consequence of metric theories
of gravitation, is still based on the space to gbewomparison of two hydrogen masers
performed by the GP-A rocket experiment in 1976.

The ACES mission, designed to distribute a micravemd atom clock signal with frequency
instability and inaccuracy of 1xT® to ground and to compare clocks on ground to a
frequency uncertainty below 1x10 will allow the improvement of the gravitationadshift
measurement by a factor 35. In doing so, it wiloaberform the most precise test of LPI in
the terrestrial gravitational field.

Best tests of the weak equivalence principle (WBR) today coming from laboratory
experiments based on torsion balances and lasar tanging. Compared with Earth-based
experiments, precision measurements in space aagfibéom the advantages of a freely
falling laboratory and significantly reduced cobtriions from seismic noise and many other
sources of non-gravitational disturbances. MICROSEWill test the WEP to 1x18 using
differential electrostatic accelerometers. Atomeifgrometers represent an interesting
alternative that in the future could test the ursedity of free fall on quantum objects.

Gravity may be tested in the slow motion weak fikidit, known as the post-Newtonian
limit: typically for a binary systeng Ov?/c? DGM/(RA) « 1 where v is the typical velocity of
the bodies, M their mass and R their separagdni0°for the Earth and 1%for the Sun). It

is traditional to perform these tests in the contéxthe parameterized post-Newtonian (PPN)
formalism. Many alternative frameworks with qudiiely different phenomenology have
been developed and tested. In the PPN formalisipartdges from general relativity are
parameterized by 10 parameters. The most commaely aregl associated with nonlinearity

in the superposition law of gravity arydvhich measures the amount of curvature produced
by mass (both of them have a value equal to 1 meige relativity).

Standard tests ofy are carried out either by precise astrometry maaguight deflection
(VLBI, GAIA), or by measuring the gravitational terdelay (Shapiro effect) of light signals
passing close to a gravitating mass (Cassini, Bapi@bo). It should be noted that the two
types of measurement are complementary as the lattlominated by the effect when the
light signals pass close to the sun (grazing immdg whilst the former is the result of
averaging over all light sources and trajectorigbich in the context of scale dependent
gravity probes a different region. Doppler trackofghe Cassini spacecraft while on its way
to Saturn gives the most stringent constraint yn y -1 = (2.1 + 2.3¥10°. The GAIA
mission will measure light deflection andto the 1& level. Similar accuracies will be
attained by the mission BepiColombo to Mercury, ekhiwill also measure other PPN
parameters. The availability of independent testithe same level of accuracy is especially
important if a violation is jointly detected by ho¢xperiments.

Beyond the slow motion weak field limit, one entéis regime of strong field gravitg: [
v?/c? OGM/(RA) O 1. The detailed study of millisecond pulsars (e&dly the double pulsar
system J0737-3039A,B) already allows tests in tbggme because the large self-gravitation



of neutron stars does not influence their orbitaltion: in other words, no violation of the
strong equivalence principle is observed.

The detection of gravitational waves will provideyktests of gravity in the strong regime:
LISA will observe physics taking place just outsitie event horizon of black holes, where
typical velocities are of order c. The coalesceatenassive black holes at cosmological
distances produces a powerful burst of gravitatioadiation, which LISA will be able to
measure with amplitude signal-to-noise as highea®ral thousand. In the months prior to
merger, LISA will detect the gravitational wavefomne to the binary inspiral, which will
allow the determination of the masses and spintheftwo black holes to high accuracy.
Given these physical parameters, numerical retsitwill be able to predict the exact shape of
the burst waveform, and this can be compared tjréatthe observed burst — providing an
ideal test of the theory. Stellar-mass compactabjspiralling into massive black holes will
provide a qualitatively different test. The comipabject travels on a near-geodesic of the
spacetime of the massive black hole, and as ialspim, it effectively maps out the spacetime
surrounding the black hole. For these extreme-irags inspirals (EMRIs), LISA will
typically observe of order 2Qcycles of inspiral waveform, all of which are emit as the
compact object spirals from 10 horizon radii dowratfew horizon radii. This will allow the
acquisition in a direct way of unprecedented knolgéeon the structure of spacetime close to
black hole horizons.

Experimental tests of gravity show a good agreemt general relativity at scales ranging

from the laboratory scale to the size of planetantyits but it is challenged by larger-scale

(galaxies, cosmology) observations. Meanwhile, ntbbsbretical models aimed at inserting

General Relativity within the quantum frameworkgiot observable modifications at smaller

and/or larger scales. Given the immense challengged by the observed large scale
behaviours (dark matter, dark energy), it is imgortto explore any possible option, in

particular by testing the gravitational laws at pbssible distances. The largest scales
reachable with controlled, man-made experiment®htiee size of the solar system, and thus
space probes to the outer solar system play aadpet® in this context.

Over the past years, a large number of theordti@aleworks that allow for a scale dependent
modification of general relativity have been invgatede.g.generalized metric extensions of
general relativity, Modified Newtonian Dynamics, nber-Vector-Scalar-theory, Metric-
Skew-Tensor Gravityf(R) modified gravity theories, string and brane mafid scenarios,
dark energy models and many others. It is beyordstiope of this document to list all the
corresponding predictions. It remains clear thas iimportant to test gravity at all possible
length scales.
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Gravity at all length scales (adapted from S. Theys arXiv:0809.3730 [gr-qc]).

We have insisted above on tests of the laws ofityrand the search for deviations from
general relativity, but the field covered by fundartal physics in space provides unique ways
to test the laws of the Standard Model as well.

As an example, we may recall that the study ofpitmgagation of ultra-high energy cosmic
rays allows the probing of energy scales a fewrsrdémagnitude beyond the most powerful
accelerators (energy being measured in the cehimass for comparison).

Another illustration is provided by the observati@i cosmological backgrounds of
gravitational waves. LISA may indeed turn out to the space counterpart of the Large
Hadron Collider (LHC) which has just started rumgiat CERN. The first goal of this
collider is to discover the Higgs particle, i.eetbentral building block in the spontaneous
symmetry breaking mechanism which lies at thethefathe Standard Model of electroweak
interactions. If the corresponding phase transitgosufficiently first order (not favoured in
the Standard Model but often the case in its extes¥ then it is sufficiently violent to
generate a characteristic background of gravitatisraves. The frequencies of these waves
fall precisely into the LISA window. In other wordkISA is the tool to study Terascale
physics (i.e. physics in the few TeV energy rang§®gn if the electroweak phase transition is
not sufficiently first order to generate a detelgagravitational wave background, there might
be other first order phase transitions in the Teakesregions. A well-known example is the
phase transition associated with baryogenesis déreeration of the asymmetry between
matter and antimatter in the Universe): as showm\b$akharov, a necessary condition for
generating the asymmetry is a first order phagesitian. If the corresponding energy is the
Terascale, a background of gravitational waves @bel observed by LISA.



Finally, astroparticle physics uses high energyntgosparticles to understand violent
phenomena in the Universe. These rapidly varyingnpimena are usually associated with
compact objects: black holes or neutron stars. wefabanalysis of phenomena associated
with neutron stars allows a better understandinp@ibehaviour of matter at high densities.
This is complementary to what can be learned dideo$ using heavy ions.

Another fundamental aspect of the field that wesader here is that it provides novel and
important tests of the principles of quantum meatsg It is known that the validity of
guantum laws, developed for the microscopic wodgtends to the macroscopic world.
Quantum interference or quantum entanglement issgample. Space provides a unique way
to test these laws at even larger distances, assllgyp test the effect of the gravitational field
on the associated phenomena.

Fundamental constituents

For several decades, astronomical measurements foawel discrepancies between the
velocities of stars and gas in galaxies and thesnmdsrred from luminous matter, leading to
the concept of dark matter. Rotation curves ofadgjalaxies, the inferred mass-to-light ratios
in dwarf galaxies and gravitational lensing arecalhsistent with dark matter being a new
type of matter, most probably consisting of weaiklgracting massive particles or wimps.
From Big Bang nucleosynthesis it is inferred tlmayt cannot have a baryonic nature.

Direct detection of these particles relies on thedpction of wimps at colliders (LHC) or
through their interaction with matter in undergrdulabs. Indirect detection relies on the
observation of annihilation products of wimps acalated at the centre of the Sun or at the
galactic centre: depending on the mass of the wihgannihilation products are more or less
energetic cosmic particles. Indirect detection nbayundertaken on ground (high energy
photons — HESS, MAGIC, CTA — or neutrinos — ANTARBSn3Net - ) or from space
(INTEGRAL, PAMELA, SWIFT, AMS). Recent observati®iby the PAMELA and SWIFT
space missions, the ATIC balloon and the HESSdefess on positron excess have initiated
considerable activity to check whether this was tlusome form of dark matter. This has
been a very active field recently and will remaim grobably for the years to come :
experimental sensitivities have now reached the&igtiens of the majority of wimp dark
matter models.

We have alluded before to the important problem wfderstanding why matter
overwhelmingly dominates over antimatter in the esbagble universe. Presumably, the
mechanism has to be searched for in the cosmologycdution of the Universe. It remains
important however to perform as complete as possitdearch for antimatter, such as AMS
was designed to do.

Conversely, experimental or observational data rpal constraints on the existence of
hypothetical particles. For example top-down moaélsosmic rays, i.e. models where ultra-
high energy cosmic rays are produced by the detapymerheavy particles have basically
been ruled out by the photon data of the PierreeA@pservatory.

Among the fundamental particles of the microscapiantum world some play a very central
role: they are the mediators of fundamental intewas. The larger the range of the



interaction, the smaller the mass of the medi&@wrce many of the tests discussed above deal
with long range forces of the gravitational tygdasinot surprising that they may provide key
information on these mediators and on their fundaaigroperties.

First and foremost, there is the graviton, mediatdhe gravitational interaction (if gravity is
indeed quantized). The discovery of classical gasional waves does not imply the existence
of the graviton but LISA observations will improgegnificantly on the current solar system
bound on the mass of this hypothetical parti<:|§:<m£|><1022 eV. One method is to observe
the phase delay between optical and gravitatioigglats for white dwarf binaries, at the
moment they are eclipsing i.e. aligned along the bf sight (potentially g< 10% eV).
An%ther test uses the phase evolution of massaekiiole inspiral signals (potentiallyys

107 eV).

Most models of dark energy involve a fundamentallascfield which is extremely light
(typically 10° eV). Embedding such a field into a realistic madwially implies some level
of gravitational-type coupling between this scdlald and ordinary matter, dark matter or
neutrinos. The exchange of this scalar field induee long range force (0 eV
corresponding to a range of the order of the sizth@ visible universe) which is severely
constrained by the tests that we discussed eaRieshing further the corresponding limits
may lead to a discovery of this new long rangedamd of its corresponding mediator.

Finally, there is the possibility of discoveringnflamental objects which are not point
particles but extended objects. The best known pla@re strings, whether cosmic strings
often associated with the spontaneous breaking oofies continuous symmetry or the
fundamental strings of string and brane theoriger{éhough these are microscopic strings,
some are believed to reach a macroscopic, evenatogital, size). Such strings form a
network, producing loops which decay by emittinggational waves. They can also be
pinched, and produce bursts of gravitational waweesalized in space and/or time (cusps,
kinks). Thus the study of gravitational wave backgrds (or bursts) may prove to be key in
identifying these objects which have been seardoedthrough lensing observations or
through their effect on the cosmic microwave baokgd.

B.2 Multiple connections

Connection to astrophysics

Since their discovery in the 1960s pulsars, inipaldr pulsars in binary systems, have been
used as clocks for testing general relativity. Raktic effects on their orbits and the Shapiro
delay of their signals when travelling through tiegential of the companion are in excellent
agreement with the predictions of general relatitotbetter than 1%

Precise timing of the arrival times of pulses ofesssemble of pulsars distributed over the sky
can be used to measure the displacement of tha Haet to very low frequency (< 2Hz)
gravitational waves compared to the distant pulsassso-called Pulsar Timing Array.
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X-ray measurements of gas orbiting close to blaalescan provide information about the
local geometry and thus probe strong field gravRgflection spectra of the inner accretion
disk show distorted Iron emission lines that areught to extend to the innermost stable
orbit. Their maximum redshift then depends on tiae sf this orbit and thus on the spin of
the black hole. Reflection of X-ray flares acrdlss accretion disk will produce additional
variability in the emission lines and can be usednBp the spacetime geometry, as photon
paths passing close to the horizon will sufferregig from curvature and frame dragging. The
next generation X-ray mission, the Internationatay-Observatory (IXO) will increase the
collecting area compared to Chandra and XMM-Newvitpmore than a factor 10 and will be
able to study several hundred local AGN in detaidl atudy the spacetime geometry of
several tensThis is somewhat complementary to what LISA cdmee, although in the case
of LISA, EMRIs allow the direct mapping of theagitational field outside the horizon of
the black hole. LISA will clearly test the strongagity regime in a more focused and
definitive manner.

In the case of dark energy, there is also a ritkrptay between astrophysical observations
and tests of fundamental physics: astrophysicatémisions will probe the equation of state
of dark energy and its evolution, but in the casene dark energy is dynamical (i.e. not just
vacuum energy, for example a scalar field), fundaaletests will probe more deeply its
dynamics and couplings. One may also note thatctaescence of massive black holes
observed by LISA will provide a new type of startlaandle (or siren) to study the geometry
of the Universe, and in particular dark energy.aff electromagnetic signal is recorded
simultaneously from the merger, precision shouldsimeilar to that from a dedicated dark
energy mission, but with completely different syséics.

The search for a primordial background of grawtadl waves, sometimes called the Holy
Grail of cosmology, is also a convergence pointveen complementary observations: big
bang nucleosynthesis puts a mild but frequencygaddent constraint; the search for B
polarization modes in the Cosmic Microwave Backgbwaddresses very low frequencies
(below 10'° Hz); millisecond pulsars put the most stringemstmints at 18 Hz whereas
detectors of gravitational waves operate in thespective frequency windows. If the source
of this primordial background is due to standarithtion, it is probable that the sensitivity of
ground interferometers or even LISA will be insaiint to detect it.

Conversely, gravitational wave instruments and @ggrgy missions will provide a wealth of
astrophysical information ranging from Galactic dies to properties of large samples of
galaxies.

As concerns dark matter, we have seen above tleainthirect detection of dark matter
particles is attempted by looking for the signalamiihilation (i.e. energetic particles and
photons). In order to reliably perform such expenns, it is crucial to carefully take into
account all the possible astrophysical sourcesnefrgetic particles and photons. Recent
examples have shown that this is crucial beforgating any excess to the presence of dark
matter. It is probable that, in the hypothesis tteak matter is formed from wimps, its nature
will be fully identified by relying both on direend indirect detection.

Any anisotropies observed in the arrival directimfscosmic rays above ~ 4 x ¥V

(UHECRS) lead to the prospect of using these peastior astronomical purposes. They must
have been produced dominantly within a volume diuss~ 100 Mpc defined by the distance
that UHECRs can travel through the 2.7 K microwéaekground (the Greisen-Zatsepin-
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Kuzmin effect). Observations of UHECRSs will provigidormation about nearby sources and
intervening magnetic fields.

The anisotropy observed above ~ 5 x’8¥ by the Pierre Auger Collaboration appears to be
associated with the nearby local matter distribbutidn particular, Cen A, and other nearby
active galactic nuclei may be sources of UHECRsweler the rate of events is only ~ 2 per
month and it is therefore impossible to constructs@ectrum for individual sources,
information that would provide an important cluauttderstanding the mechanisms of particle
acceleration in the most energetic objects in thevéise. These range from compact objects
to active galactic nuclei with their super-masdivack holes, relativistic jets and giant radio
lobes and to gamma-ray bursts. Identification edtdires of individual UHECR sources
would enable the study of physics in extreme camust (high magnetic field, matter density
and/or gravitational field). By gaining accesstlie three main accessible parameters (the
power imparted to UHE patrticles, their maximum g@yernd the shape of their spectrum at
the source) with sufficient statistics, the physitshe sources will be strongly constrained.

Individual sources also provide a tool to testedight models of the galactic magnetic fields.
Back-tracking particles through different magnetield structures will allow the
identification of those that are most effectiveeaducing the region on the sky from which the
particles come.

Work with the Pierre Auger Observatory has showvat #n instrument with a much greater
aperture is required. This can come from a Missib@pportunity (JEM-EUSO) which will
take forward the astrophysical connections and aisget some fundamental physics
objectives.

Connection to solar system science

Fundamental physics in the solar system is nedgssad intimately related to solar system
science. In particular, a non exhaustive list cosgsr lunar, planetary and solar observation,
planetary missions, interplanetary spacecraft radMg, etc.. Historically, and at present,
some of the best bounds on deviations from the knlewvs of gravity are obtained from the
analysis of data from lunar and planetary obsewmuatiand from planetary missions. Either
those data are obtained as a routine product delatihe primary goal of the observations and
missions, or as the result of a dedicated expetircemied out using state-of-the-art radio or
laser technology. Some of the most striking example:

* The current best bounds on a violation of the waad strong equivalence principle
and of any time variation of the gravitational ciamé obtained from 34 years of lunar
laser ranging (LLR), together with the most strimgbound on the PPN parameter
combination £ —y— 3.

» The best limit on the PPN paramejefrom radio ranging to the Cassini spacecraft
during solar occultation.

« The best upper limit on stochastic gravitationalehackgrounds in the £ao 10°
Hz range obtained from radio ranging to Cassinirgduthe cruise to Saturn.

Although in many cases missions and technologiéis primary goals in solar system science
have been “opportunistically” used for fundamemysics (with the possible exception of
LLR), the inverse may also become true in the gjtuthere missions and technologies whose
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primary goals are in fundamental physics may aolditily provide useful information for
solar system and planetary science.

Another intimate link is provided by the necessifyusing the solar system science results to
correct for the “classical” effects in fundamenpdilysics experiments, before being able to
analyse the data for deviations from the known lafyshysics. This requires, in particular, an

accurate determination of planetary and solar ephieles and gravity and the cancellation,

or at least the strong reduction of propagatioisendue to the solar corona and the Earth’'s
atmosphere. In addition, the use of a spacecradt @®of mass for gravity tests requires an
adequate knowledge (or estimation) of the non-¢mtwnal accelerations, and/or the

adoption of drag-free systems. These aspects wecetin all past solar system experiments
in fundamental physics and will be even more imgoatrivith the improved accuracy expected
in future experiments.

Indeed, precise orbit determination of interplanetpacecratft or landers is an excellent tool
to test general relativity and alternate theoriegravity. Any inconsistencies in the analysis
and modelling of the navigation data may be hiotgards new physics and must be studied
with the greatest care. Errors in the analysisraodelling of the navigation data have to be
ruled out, if necessary additional data and insemit® must be used to allow further and
complementary information to be obtained. This fisparticular interest for missions that
cover large parts of the solar system (e.g. missiorthe outer planets and Kuiper belt) in the
light of scale dependent gravity as discussed abbaaders may also provide excellent
opportunities to improve solar system ephemerides test deviations from the adopted
dynamical laws. Being essentially immune to nonsgational accelerations, the
determination of their long-term dynamics is mud@sier than for an orbiting spacecratft.
Range and range rate measurements of landers proxudial information for the study of
planetary interiors, and are therefore of the g®ahterest to the planetary community.

In a more global picture, planetary spacecraft pladetary landers provide the most precise
data for the construction of solar system epherasridhich in turn provide additional tests
of gravitation at precision levels comparable tosth obtained from LLR and individual
missions. For example, solar system ephemeridegdardhe best limits to Yukawa type
modifications of the Newtonian gravitational poiahtvith ranges between 3x3éh and 16°

m. Furthermore, the ephemerides are a crucial capmgoof any dynamical model used in
precise orbit determination. Currently availabled®s of solar system dynamics are now
limited by the poor knowledge of the masses anttibligion of asteroids. Although these
effects are relatively small (to the level of 10om the orbit of Mercury), they will likely be
among the main limitations in precise tests invadvispacecraft in planetary orbits and
landers. Long term observations of planetary probesl high accuracy astrometric
measurements from GAIA may lead to a significantprovement in solar system
ephemerides.

In the future this intimate connection between iseistem science and fundamental physics
is expected to further strengthen with the expeotgatovement of the instrumentation and
the development of new high precision technologsgecific to fundamental physics
(accelerometers and drag free technologies, opgitcathic clocks, optical links and optical
interferometers). That will lead to a stronger idependence for the interpretation and
comprehension of the data, be it in planetary ad&mental physics, certainly aided by the
availability of more diverse high precision measoeats (local acceleration, local time,
astrometry) additional to the already availablegiag and Doppler data.
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A potential to awide array of applications

Most of fundamental physics in the Earth’s vicinigyd in the solar system is
concerned with a deviation from the known laws oéwvgation, and thus with precise
measurements of the gravitational field of différgqpes (motion of bodies, light propagation,
clocks). The precision required in fundamental jpts/ss in general significantly better than
in other applications (e.g. clocks in ACES, dragefand accelerometers in LISA PathFinder
and Microscope), but once the technology is dewsopt also leads to significant
improvements and new applications in many othdddi¢geodesy, planetary gravity, global
positioning, altimetry, telecommunications, etc..Qften, the technology development is
carried out with several applications as drivergoad example being accelerometers and
gradiometers which have found widespread use inesgaodesy (CHAMP, GRACE, GOCE)
and fundamental physics (Microscope, LISA PathHintdEsA). Similarly the precise clocks
and radio/optical links available on ACES will ydebenefits not only for fundamental
physics but also for positioning, geophysics amdogpheric studies, either with the ACES
mission or in future deployment. A good current rapée of the synergy between Earth
observation and fundamental physics is the optickl(T2L2) onboard Jason2 (launched in
2008), which allows the calibration of the onboastillator with respect to ground clocks,
which in turn improves altimetry observations amgiponing.

Quite generally, any instrument allowing signifitaeduction in the measurement
uncertainty of the crucial observables is importémt fundamental physics and other
applications. Research in fundamental physics idriger for the development of high
precision instrumentation that will naturally fints way into other applications. As an
example oriented towards the future, the availgbhf high precision space clocks points
towards a long term perspective where internatitinad scales will be constructed in space
and precisely disseminated to ground. That woukt@yme barriers related to the terrestrial
environment that are already perceptible today, amgloit novel global positioning
techniques with significantly improved uncertaityer present systems (GPS, GLONASS,
Galileo), which are already outstanding exampleapmiications of the resources of quantum
mechanics and general relativity.

B.3 A rich space program and associated experiments

We briefly describe the existing program in spaxelining only the projects with significant
European participation.

T2L2: Time Transfer by Laser Link (T2L2) is an opticallifor clock comparisons and time
transfer experiments. The package, launched odaken-2 satellite on June'R008, uses
the ultra stable oscillator in the DORIS orbit detmation system as on-board frequency
reference. Over 30 ground stations are contributinghe experiment. The T2L2 package
aims at demonstrating a time stability of a fewirpshe comparison of distant clocks and a
time accuracy of 100 ps in the distribution of tiszales.
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ACES: Atomic Clock Ensemble in Space (ACES) is a missiased on a new generation of
atomic clocks to be installed on the InternatioBplace Station, at the external payload
facility of the Columbus module. The on-board closignal is generated by an active
hydrogen maser (SHM) and a primary standard baseshmples of laser cooled Cs atoms
(PHARAO). Fractional frequency instability and icacacy of T10*° will be reached by the
ACES frequency reference under microgravity conddi A high-performance link in the
microwave domain will distribute on ground the ACEi§nal allowing clock comparisons to
a frequency resolution ofI0™".

ACES will connect ground clocks based on differatims and atomic transitions in a
worldwide network that will probe fundamental laafsphysics to high accuracy. Space to
ground and ground to ground comparisons of atomdquiency standards will be used to
perform tests of Einstein’s theory of general iigigt including a precision measurement of
the gravitational red-shift, a search for time &tadns of fundamental constants, and tests of
the Standard Model Extension.

ACES will also support applications in differenteas of research. The measurement of the
differential redshift between clocks on ground wiiovide direct access to the local
geopotential with a resolution down to the 10 cueleThe on-board GNSS receiver used for
precise orbit determination of the ACES clocks valso support applications in GNSS
remote sensing (radio-occultation and coherenéctdmetry). A link in the optical domain is
presently under development for clock comparistnsg transfer, and ranging experiments
(optical vs. microwave).

Tests recently performed on the engineering moafetey instruments and subsystems of the
ACES payload have characterized the system perforeneeleasing the manufacturing of the
flight models. ACES will be ready for launch in 201

MICROSCOPE: The CNES-ESA mission Microscope will test the weaduivalence
principle, with a sensitivity to a possible EP-witihg relative acceleration difference of£0
The experiment, which is scheduled for launch iatpolar orbit at the end of 2012, uses
electrostatic position sensing to measure the réiffical acceleration in the Earth’s
gravitational field between concentric cylindri¢est masses of Pt and Ti, with a second Pt-Pt
pair used to discriminate systematic errors. THERDSCOPE differential accelerometry,
designed for pmf#Hz'? level at 1 mHz, is based on electrostatic posiiensing and force
actuation, with flight heritage from the GRACE aB@CE geodesy missions, and a drag-free
satellite, employing FEEP microNewton thrusterst tpaide the satellite to follow a free-
falling test mass. In addition to being the fitest of the universality of free fall to be
conducted in space, Microscope represents an irepremt of more than two orders of
magnitude over existing torsion pendulum and ldaser ranging equivalence principle tests.

LISA PathFinder: LISA PathFinder will probe the limits with whichraacroscopic object
can be placed into nearly perfect free-fall, witmaasurement of the differential acceleration
of two geodesic reference test masses to better 8afm/$/Hz'? at 1 mHz. LISA
PathFinder, scheduled for launch to L1 in 2012respnts a single arm of the LISA
gravitational wave observatory that has been segaedmom 5 million km into a single
spacecraft, with 30 cm baseline, with the relatiest mass acceleration measured with an
optical interferometer.

LISA PathFinder tests the current state-of-ttieha high purity free-fall, with hardware
designed for the LISA “local measurement” of a ffaking test mass inside a co-orbiting
satellite. This includes a 10 pmAfzinterferometric displacement readout, an upgragled
degree-of-freedom electrostatic sensor designeeduoce stray forces to the fN/Hzlevel,
and a drag-free satellite with microNewton thrustelThe acceleration resolution is within a
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factor 10 of the final LISA goal, which would befcient to guarantee LISA observation of
galactic compact objects and distant massive biatk sources.

In addition to a test of the LISA measurememhieque, LISA PathFinder aims at an
experimentally-based physical model of the Ilimité e free-fall, with dedicated
measurements of different known force noise sourgeduding magnetic fields, thermal
gradients, cosmic ray charging, and coupling tocepaft motion, in addition to a global
measurement of relative acceleration noise. Th8ALPathFinder results will thus be
applicable to a wide variety of gravitational messs requiring high precision measurement of
the differential acceleration between free-fallitggt masses, including gravitational wave
observation, geodesy, Shapiro time delay measursmand1/r? tests on various length
scales.

LISA: Laser Interferometer Space Antenna (LISA) is tlst fplanned space based

gravitational wave detector and a joint projecimsn ESA and NASA. Three spacecraft in a
heliocentric orbit will use laser signals to meascinanges in the 5 million km interferometer
arms which separate the spacecraft. Each spacedththave a drag free control system

onboard to enable the effects of Solar Wind pressube eliminated in the observing band of
0.1 to 100 mHz. LISA should be ready for launcl2@20.

LISA will record the inspirals and mergers of maesbinary black holes throughout the
Universe and it will map isolated black holes whilgh precision. With its enormous reach in
space and time, LISA will observe how massive blaales form, grow, and interact over the
entire history of galaxy formation. Thus gravitai@ waves detected from these would
provide an independent test of the scenario thiixges have formed hierarchically. In
addition they will provide very accurate mass armgtathce measurements, and these would
contribute in a unique way to measurements of thiebie constant and of dark energy. LISA
observations of inspirals of massive black holeabas could also constrain a variety of
theories of gravity designed as extensions to gémelativity.

LISA will measure the 3D positions and orbital pedpes of thousands of compact binary
systems in the Galaxy, providing a new window oriteraat the extreme endpoints of stellar
evolution. In fact the LISA census of massive blackes and galactic compact binaries will
basically be complete. Any merging massive black hio the observable Universe will be
detected. Above a few mHz, where the galactic Bsabecome individually detectable,
LISA will observe all sources in the Galaxy. In déaboh, several LISA events will likely have
electromagnetic counterparts at a wide variety iofescales and wavebands that will
stimulate major new observing opportunities acitheselectromagnetic spectrum. It is also
conceivable that LISA will discover new phenomenaature, like phase transitions of new
fields, extra dimensions or string networks produicethe early Universe.

There are a number of instruments in operation eady to be launched that have
astrophysical goals together with the potential faroducing important results in the
fundamental physics area. These are describediypbelow.

Pamela: This is a free-flier on the Resurs-DK1 satelliteth Italian, Swedish and Russian
involvement. It was launched in June 2006 andainngoal is to obtain state-of-the-art data
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on cosmic rays up to energies of ~ 1 TeV. Highcigien measurements of the electron,
positron, proton, anti-proton and light nuclei Zo= 6) and of the isotopes D afide have
been made. Of particular interest to fundamertigbjes have been the interpretations of data
on the p/p and é/(e" + €) ratios which put strong constraints on certaindeie of dark

matter.

Fermi: The Fermi Gamma Ray Observatory, a NASA instrumenblving European
Institutions from several countries, was launchedune 2008 and is primarily designed to
study gamma rays of energies above ~ 100 MeV fratmophysical sources. In addition there
is the possibility of finding clear evidence of Kanater particles, such as neutralinos, by
detecting the gamma rays expected when two neutsalennihilate each other. Such
annihilations will occur in clumps of dark matteurch as might be found at the galactic
centre.

One test of fundamental physics that will be exgdowith Fermi is the possible dependence
of the velocity of light with wavelength. Differeas are expected in some models of
guantum gravity which attempt to merge Einsteiréagyal theory of relativity with quantum
mechanics. Turbulence of spacetime might resulelacity differences. Another test will be
made by searching for the phenomenon of photontisgliin which a high-energy photon
splits into two lower energy photons in, for exaapghe magnetosphere of a neutron star.

AMS-02: The AMS-02 instrument, which has involvement fromistitutions world-wide
including some 8 in European countries, is desigoneoperate on the Space Station; launch
is expected within a few years. The instrument miéasure the properties of cosmic rays
with an improvement of several orders of magnitader previous work. The key element of
the AMS-02 experiment is a superconducting magrethvgenerates in a cylindrical volume
of 0.6 nT a magnetic field of 0.9 Tesla. Inside this voluméigh-precision double-sided
silicon strip detector measures the trajectorieshaiged particles at 8 planes.

A key question to be answered is the amount of-tegltum in the cosmic ray flux. In
addition the instrument will be used to searchdiojects weighing 10-100 times as much as a
carbon nucleus, carrying less than 1/2 or 1/3 efetkpected charge, ‘strange quark matter or
strangelets’.

AMS-02 also has the potential to study the positmelectron ratio, as in Pamela but with
higher statistics, to search for cold dark matter.

GAIA: The mission GAIA (Global Astrometric Interferometor Astrophysics), to be
launched in 2011 and placed in the L2 Lagrangetpdithe Earth-Moon system, will carry
out astrometric, photometric and spectroscopic oreasents of celestial objects down to
magnitude V=20. The core instrument is an optio&rferometer built around two 1.45 x
0.50 m telescopes, capable of an end-of-life st accuracy of 24 microarcseconds for
stars of magnitude 15. In its five year nominaksion, the instrument will measure many
times the positions of more than®16bjects. The extremely precise determinationhef t
angular positions requires precise modelling of light deflection from the sun and the
planets. Rather than assumixd as in GR, GAIA will be able to determine thatgraeter to
an accuracy of about 2xf@r better, thus providing an improvement by adadf 10 over
the Cassini determination. In addition, GAIA wik lable to determine other PPN parameters
(such as ) by optical tracking of asteroids with pericenta@nsthe inner solar system. A
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specific experiment is also designed to determireelight deflection by Jupiter to evidence
non radial deflection caused by its quadrupolar eam

BepiColombo: Significant improvements in classical tests of GR ke possible with the
mission BepiColombo to Mercury. The spacecraffyganserted in a low altitude polar orbit,
is endowed with an advanced radio system providargge and range rate measurements,
respectively to 0.1 m (after a few seconds intégmitand 2 10 m/s at 1000 s integration
time. In addition, an accelerometer will measutee tspacecraft non-gravitational
accelerations. This combination of instruments wilbvide Mercury's orbit in the solar
system to 10 m or better, making possible a neverdenhation of the PPN parameters
B,n, a1, a,, a dynamical determination of the solar J2 anelsadf the constancy of G. Data
acquired across solar conjunctions (both in craise the planetary phase) will provide also
an improved determination of, to a level of 2 16.

B.4 Ground vs space: future prospects on ground ver sus prospective missions.

There are clear advantages to go into space: almtonian noise, free fall, long distances,
large potential differences, large velocities. Bigre are also major drawbacks, the main ones
being the cost of space missions and the timekéstdo fully develop a mission up to the
launch (some ten years in the case of the M-misstonsidered in CV1).

It is thus very important to assess what can b&wget on ground in the next ten years and
compare it with what will be achieved in space wébhnologies which will be frozen at least
5 years earlier. In the following, we review a aertnumber of cases where this question
plays an important role.

Clockson ground vs clocksin space: expected developmentsin the next ten years

» Atomic clocks on ground

As already stressed in Section B.1, the test ofithe invariance of fundamental constants is
a test of local position invariance. It makes ut¢he transition frequencies between energy
levels of atoms or molecules, which depend in déffié ways on the fundamental constants
such as the fine structure constantthe electron-to-proton mass ratio, the g-factdrshe
electron and nucleons, etc. The time-invariancédunflamental constants is best tested by
comparing two closely located atomic/molecular kgd.e. measuring their frequency ratio.
The close location permits keeping the height diffiee between the two clocks small and
thereby performing an accurate correction for timet variation of the differential
gravitational redshift due to the Earth. There asimmediate motivation for performing this
type of test in space, except that in the moreadtstuture, when clock performance beyond
108 will be the goal, today’s methods for trappingtjzées may turn out to be inadequate
because of too strong perturbations. However, waage the trapping strength will
eventually conflict with the need to prevent thetipkes from falling. Then, operating in
space may be a solution.
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Test of Local Position Invariance

In the gravitational field of the Sun, terrestrédcks experience the gravitational potential
Us, which is time-varying due to the orbital motio(t) rof the Earth. If local position
invariance is violated, a relative frequency charafe two dissimilar clocks occurs,
proportional to & Us Ar(t)/r. This quantity varies by 3xTI8 over the course of a year. A time
dependence correlated with r(t) would lead to aditemhal signal in a clock comparison
which can be distinguished from a hypothetical sigby a time dependence of the
fundamental constants due to the latter assumedrliime dependence.

In more general terms, tests with clocks at varyiigjance from a massive body can be
interpreted as searches for a variation of fundaaheronstants with ambient gravitational
field, related to a coupling of matter to additibsealar fields whose source is the massive
body. A colocated clock test in the gravitationald of the Earth differs in principle from an
analogous one in the gravitational field of the ®@cause the matter composition of Earth
(mostly heavy elements with an important mass ifvacstemming from neutrons) and Sun
(mostly protons) differ significantly. Assuming theadissimilar clock pair can be compared at
two locations with a maximum height difference ae brder 4 km (bottom and top of a tall
mountain), the maximum relative effect is proparéibto 4x10". Dedicated measurement
campaigns of this type have not yet been performet clocks, but in the course of
terrestrial clock development colocated clock congoa tests will naturally take place, as
the developing labs happen to be at different heigh

Measurement of the gravitational redshift in thetiE&eld

Assuming that on the 10 year timescale one teraésilock type reaches inaccuracies of
1x10"8, and assuming the comparison of two such cloockatéml at the bottom and top of a
mountain with 4 km height difference is possiblénigh is feasible using current optical fiber
link technology), this would give a relative redshésolution of 2x10. This is similar to the
goal of the ACES mission (based on a clock witt2)310"® inaccuracy). The gravitational
potential difference would have to be measured whin same resolution by a chain of
gravimetric measurements where distance measursmaitht millimetric accuracy and state
of the art gravimetry must be employed.

» Atomic clocks in space

On the timescale of 10 years, it seems feasibtet@lop flight models of optical clocks with
1x 10%" inaccuracy, ten times better than ACES. At theetih flight, terrestrial clocks may
have reached a performance ten times better.

Spacecraft offer first of all large travel distascehich implies probing the gravitational field
over larger distances, where the radius vector $ecmnd clock can be oriented in different
directions, as well as grazing paths around madsogkes. Three qualitative options, with
increasing complexity and cost, are available:ve-&dtitude Earth orbit provided by the ISS
or a dedicated satellite, a high Earth orbit, onirgerplanetary mission. In the first two, the
variation of Earth gravitational potential with pegt to the Earth’s surface is about two or
three orders larger compared to a terrestrial éxygeit. For a test in the Sun’s gravitational
field using a planetary or solar mission the gaibétween 2x10and 1x16.

Gravitational redshift
The Earth’s gravitational redshift measurement @¢dog¢ performed with a 10 to 100-fold
improvement compared to ACES for a near-Earth agid &ltitude orbit, respectively.
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A variation on this theme consists in making usé¢hef high stability of optical clocks and a
“modulated” orbit, in particular a highly elliptit@ne. The relevant potential difference is
then not between space and ground but betweenspomthe orbit, which simplifies the
gravitational potential metrology. A large numbérodbits enables statistical averaging and a
further gain in precision by a factor of 10 seemsgible.

The Sun’s gravitational field redshift can be detiered very accurately with an interplanetary
mission, thanks to the large potential differeneéneen the clock on the spacecraft and the
terrestrial (or second space clock). The improvdrassociated with the measurement will be
huge: for a clock with I8 uncertainty at Mercury, an improvement of 16 1¢f compared

to the expected ACES results. The metrology ofgtfaeitational potential with corresponding
accuracy will require determining spacecraft-Sud &arth-Sun distances at the meter and
ten-meter level, respectively.

Test of Local Position Invariance (LPI)

As for an Earth gravitational redshift measuremaisb an Earth field-LPI test could be
performed with a 10 to 1000-fold improvement conepato ACES for a low-Earth and high
altitude elliptical orbit, respectively. It wouldeoessitate two dissimilar clocks on the
spacecraft.

A Sun-field LPI test with a spacecraft going cléasdhe sun could take advantage of a very
large gravitational potential (US mission propoSglaceTime). Equipped with dissimilar
optical clocks, the resolution of an LPI test woblkel outstanding, with an improvement of
100 compared to terrestrial measurements and inti@idearching for effects to second-
order in the gravitational potential.

Scale dependent gravity

Depending on the theoretical model used, a scglerakence of gravity will have different
effects on the motion of massive test bodies, ttopagation of light and the behavior of
clocks (gravitational redshift). Therefore the atvation of the motion of satellites and the
evolution of onboard clocks via a microwave or ogtiink (light propagation) is sensitive to
all three effects and thus allows the most compibtgacterisation of gravity and its variation
with distance from the gravitating body. Ideallyckwbservations should span the maximum
possible range of distances, ie. a mission to tbheerosolar system would provide a
significantly larger range than going towards tha.However, even at smaller distances the
additional observable provided by an onboard clookld be useful, as it will provide
additional information towards separating fundarakphysics effects from modelling errors
and other systematic effects.

Test of light propagation (Shapiro time delay, tigeflection)

A precision measurement of the gravitational dekguires a transponder or a clock on the
opposite side of the sun from the observing stafitarth or second spacecraft) with a radio
or optical link between the two at close (grazingidence to the sun during a conjunction.
Using an optical link and an optical transponder ¢lmck) onboard a solar system orbit
spacecraft during a solar conjunction, a measuremethe 10 level when using ground
clocks or 1& level when using a clock on a second spacecrafhsdeasible.

The following Table summarizes the improvement destexpected with 18 clocks in
space, in comparison to those in principle feasivier the next 10 years on the ground and
with the ACES mission, assuming that (transporjagteund clocks gradually improve to
1x10*® inaccuracy level.
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Mission type Ground ISS or low Highly Inner solar | Close fly- Outer solar
altitude elliptic high- system by of Sun system
Relevant gravitational orbit altitude Earth | (Mercury) (6 Solar
potential difference orbit radii)
in Earth field 4x10°(c) 4x10" 5x10%° - - -
10 8 7 9
in Sun field 3"&)0 ax10%(de) | ax10%@e) | X0 4x10 ox10
Ground
Typeof test |an8 ;c;\éfgleinntd. Improvement with next-generation space optical clocks
ACES
Time invariance of 40 )
fundamental constants (a,b)
Local Position Invariance I:
Coupling of Earth gravity to 2:5) 300 400300 - -
fundamental constants
Local F_’osmon Invarlar_]ce I 10 70 1000
Coupling of Sun gravity to (a.b) m) m) -
fundamental constants ’
Redshift measurement in Eart] 35 350 40 000 ) )
field (i) (k)
Redshift measurement in 10 000 100 000 100 000 4x10 7x10 2x10
Sun field (e,9) (e,k) (e,k) (h)
Local and Local and 2"%order Probe
real-time : redshift 2" order ;
mapping of real-time test redshift test gravity on
. mapping of ' large scale;
Local mapping of Earth
Other science Earth gravitational| gravitationa E_art_h Shapiro Combine :
b ) . gravitational . . Combine
opportunities field at 10 cm | field at 1 field at 1 cm time delay with with
level cm level | x 100 Shapiro ;
evel Time Sh'aplro
Lorentz Lorentz delay? Time
- Lorentz Inv. . - delay?
Invariance invariance

Table 1: Potential improvement of tests performed witfi1€locks in space, in comparison

to those in principle feasible over the next 10rgemn the ground and with the ACES

mission, where the (transportable) ground clocksigally improve to 1x1¢? level. Values

are approximate improvement factors. See notesxjlanations.

Notes:

a: dissimilar terrestrial clocks with inaccuracydually increasing to 1x16 level
b: combined improvement from clock improvement bordy measurement time
c: ACES, in comparison with Gravity Probe A result
d: clock on spacecraft as part of link to compaoels on ground
e: comparison via space link of terrestrial closkparated by one Earth radius
f: due to Earth orbital motion, used for LPI test
g: using ACES for comparison of $0ground clocks and a large number of repeats

h: limited by ability to measure spacecraft posifiassumed to be 10 m at 6 solar radii
i comparing ACES to ground clocks

k: assuming repeated measurements over many qgokitialds reduce uncertainty 10 fold
m: dissimilar clocks on spacecraft
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Auger vs EUSO: fundamental physics opportunitieswith ultra high energy cosmic rays

Currently the Pierre Auger Collaboration is opergta detector of 3000 Knsontaining 1600
water-Cherenkov detectors overlooked by 24 telessofhat detect fluorescence light
produced by giant air showers as they propagatmugfir the atmosphere. The integrated
exposure now exceeds “1Bm? sr yr and should reach 1@&m? sr yr by 2020. A second
observatory is planned for the northern hemisphareering an area 7 times as large.
Construction of this device might start in 2013 &akE three to five years to complete.

The study of the very highest-energy cosmic rays loa extended by observations from
space. A mission, JEM-EUS@ be located on the Japanese Experiment Moduld)(&iB

the International Space Statidms been proposed as a new type of cosmic raywateey
that will use very large volumes of the earth’'s@dphere as a detector of the most energetic
particles in the Universe. JEM-EUSO (EUSO for "[Exte Universe Space Observatory")
observes the brief flashes of light in the eartitfaosphere caused by cosmic rays of energy
above ~ 5 x 1 eV. The key element of the sensor is a very \field; very fast, large-lens
telescope that can detect these flashes. JEM-EldSflanned be mounted on the Space
Station in 2015 and, in a projected life of 5 ye&@®xpected to yield an exposure of (1.2 — 2)
x 10° km?sr yr, after allowing for a duty cycle of 10 — 20%.

In addition to the astrophysical as aspects ohuligh energy cosmic rays, the JEM-EUSO
mission has significant potential for fundamentaygics exploration through the detection of
photons and neutrinos. Measurement of the UHEgohfbtix will provide a direct constraint
on the contribution ofop-downmodels to the flux of UHECRs. Moreover, UHE phwta@re
produced as secondary particles during the projmagat UHE protons. While high-energy
photons have a limited horizon due to pair productver CMB photons, a known loophole
of quantum gravityand the Coleman-Glashow effect may prohib# @roduction above 30
TeV, allowing the UHE photon path-lengths extengidmel ~10 Gpc, which would result in
an “anti-GZK effect” with an increasing number afusces contributing at higher energy —
and thus a much larger flux of UHE photons. JEMSEMhas the capacity to detect such
photons and to identify them.

The v-cross-section at high energies is very uncertaid highly model-dependent: a
measurement is needed. Extra-dimension moghkelhich the Universe is supposed to
consist of ten or eleven dimensions are among #weuired models to unify quantum
mechanics and gravitation theory. In these modleésneutrino cross-section is predicted to
be 100 times that predicted by the Standard modéhder these conditions, JEM-EUSO
should observe 100s of events, which would allow experimental validatioh extra-
dimension models. In addition, the ratio betweea fiuxes of horizontal and upwand
originated EAS gives a quantitative estimate of\heross-section around a centre-of-mass
energy of 18*eV. JEM-EUSO has a strong potential for UHE neotdetection, which also
implies the possibility to constrain the source eledlirectly.

The quantum space-time effects generically knowrn.@ntz-Invariance Violatior(LIV)
also predict a modification of the proton attenomtlength, and thus of the GZK horizon,
with direct consequences on the super-GZK protactspm. Indeed, a difference between
the maximum velocities of protons and piords,X modifies the inelasticity of the pion
production interactions at UHE, and thus the ation length.

The two instruments, the Auger Observatory and JM&SO, should be seen as
complementary. The Auger Collaboration is using ls@stablished techniques in a well-
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understood environment and is capable of meastinm@nergy spectrum with high precision
to 16° eV and of making a detailed study of the nucleassrcomposition. However the flux
of particles that display anisotropy, as noted a&bas too small to define spectra from
individual sources while it is possible that onlgper limits will be set on the fluxes of
photons and neutrinos above'168V and even if there are detections the numbensd@re
expected to be small.

The Auger Observatory is able to measure the engfrggsmic rays above 1beV to ~20%,
the direction of the particle to 1° and can malaeshents about the mass of the nuclear
component of cosmic rays through accurate measuntsnoé the depth of shower maximum
(to ~ 25 g crif).

By contrast, JEM-EUSO will have an energy resohlutid about 50% at its threshold of 5 x
10" eV increasing to better than 30% at higher ensrgiEhe directions will be measured to
about 2.5° and the depth of shower maximum to <L26i*>. Although this latter figure will
prevent separation of different nuclear massess kasily adequate for the detection of
neutrinos and photons and, when combined with tloeneous aperture, will provide the very
important fundamental physics measurements disdussave.

Ground vs space interferometersfor gravitational waves

In the last few years the first generation of lasgale interferometric gravitational wave
detectors (LIGO, GEO600 and Virgo) have reachedbtiginal design sensitivity in a broad
frequency window, achieving a sensitivity to dete¢tlimensionless) strain amplitude of h <
102! at a frequency around 100 Hz. The next decadesesithe operation of an international
network of ground-based gravitational-wave intexfeeters (Advanced LIGO in the US,
Advanced Virgo and GEO HF in Europe, and LCGT ipaig which will reach the level of
sensitivity where the first detection can be expectabout one order of magnitude more
sensitive than the first generation). Meanwhiles thiscussion of third generation detectors
has begun in earnest with the EU funded Einstelestepe (ET) design study. The aim of
third generation detectors is to improve the braadb sensitivity by another order of
magnitude. On the other hand, LISA will provideedion in a frequency window which is
inaccessible to ground interferometers and whiakery interesting from the point of view of
astrophysics and cosmology.

Ground-based gravitational wave detectors are ens$o signals in the audio-band, ranging
from a few Hz up to several kHz. They can detedrgety of astrophysical sources, including
rapidly spinning non-axisymmetric neutron starspesnovae, and coalescing binaries
consisting of compact objects such as neutron stadior black holes, that give us an
opportunity to investigate general relativity inostg field conditions.

Third generation detectors, such as ET, will be ablobserve binary black holes with stellar-
and intermediate (i.e. a few hundred times sola$snout to a redshift of z=2 and z=0.5,
respectively, that would have an enormous impactareral key areas of astrophysics,
cosmology and fundamental physics. Observatiomtdrinediate-mass binary black holes
would provide an inventory of the recent historyldck hole formation in the universe.
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When combined with the redshift of their electrogmetic counterpart, binary black holes
would lead to an accurate measurement of sevesah@ogical parameters, and facilitate a
deeper understanding of dark energy and its equafistate.

The origin of gamma-ray bursts (GRBs) has remaare@nigma for over four decades after
their serendipitous discovery in the 60’s, althowgime are thought to be the result of the
merger of neutron star-neutron star or neutronldtark hole binaries. ET could pin down the

origin of GRBs and confirm or rule out their assticn with binary systems. Transient

astronomical sources that are powerful emittersagio waves and x-rays could also be
visible in the ET gravitational window. For examptescillations of neutron stars could be

used to infer the equation-of-state and the intestracture of matter at extremes of density,
temperature and magnetic fields.

ET would facilitate high precision tests of generhtivity that are not possible with solar-
system or binary pulsar observations. By probirg tighly curved structure of space-time
near dense objects we would be able to answer foeat@l questions about the final fate of
gravitational collapsing (is it a rotating blacklié@r a naked singularity or some other exotic
object?) and confirm if the emitted signals frontlswevents are consistent with general
relativity to very high order in post-Newtonian pebation theory.

The frequency domain much below one Hz can be erpjored from space. LISA, with 5
million kilometers long arms, will cover a frequgn@nge of 310° to 1 Hz, complementary
to the frequency window covered by ground-basetiungents. It should be stressed also that,
contrary to present ground interferometers, th@adigo noise ratio of most astrophysical
events is large (from a few 10 to a few hundredjhi@ case of LISA. This makes LISA
ideally suited for the study of massive black hddesaries that form after galactic mergers,
compact stellar remnants as they slowly spiralhtrtfinal fate in the black holes at the
centers of galaxies, galactic compact binaries @oténtially the signatures of new physics
beyond the standard model.

Ground vs. space for atom interferometers

Promising tools for fundamental physics tests exdbantum domain are matter-wave sensors
based on cold atoms or atom lasers, which use aasnumperturbed microscopic test bodies
for measuring inertial forces or as frequency mfees. The rapid advance of atom-
interferometer technology in recent years has matgty several studies and proposals :
measuring forces at small distances, testing theersality of free fall, searching for
gravitational waves ... Already in the very eargpprs on matter-wave interferometers based
on the atom-light interaction as a coherent bealittespmechanism it was pointed out that
these devices are a symbiosis of an atom and tifitggrferometer. The atoms serve as read-
out for the phase evolution of the beam-splittiager. For testing the equivalence principle,
two atomic species can be used simultaneously single atom interferometer and for
gravitational wave detection, the effect of grattaal waves is monitored by performing a
differential measurement between two space sephrat@tom interferometers run
simultaneously using the same laser pulses. |h bases, the laser provides a common
“ruler” for comparison of the two interferometerk the latter case, the distance between the
interferometers can be large because only the tighels over this distance, not the atoms.
The gravitational wave detection signal, which esakith this distance, can be competitive
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with light interferometers. In a sense, the atomerierometers are the analogue of the test
masses in a light interferometer like VIRGO andisitthe distance between them that
determines the size of the signal.

For ground-based interferometer, previous calautatiperformed by the group of M.A.
Kasevich at Stanford University have shown thateghe an oscillatory gravitational wave
signal in a configuration of two atom interferomstseparated by a distance L that is as large
as experimentally achievable. Intuitively the atomterferometer can be thought of as
precisely comparing the time kept by the laseoslc(the laser's phase), and the time kept by
the atom's clock (the atom's phase). A passingitgteonal wave changes the normal flat
space relation between these two clocks by a fagmtoportional to the distance between
them. This change oscillates in time with the fierucy of the gravitational wave. This is the
signal that can be looked for with an atom intenfieeter. Equivalently, the atom
interferometer can be thought of as a way of laaaging the atom's motion to precisely
measure its acceleration. Calculating the acdsdershat would be seen by laser ranging a
test mass some distance away in the metric of theitgtional wave shows a similar
oscillatory acceleration in time, and this is thgnal of a gravitational wave in an atom
interferometer. This radar ranging picture is veingilar to the foundation of the space-based
LISA interferometer, where a macroscopic test n@sised instead of the atoms here.

A natural extension of all these proposals is tofgoen an experiment in space. The
sensitivity of matter-wave interferometers for taias and accelerations increases with the
square of the measurement time. Current experimamtground operate at about 100 ms,
which could be extended in space to up to 10 orenseconds. For example increasing the
measurement time ten times improves the sengitdiitacceleration measurement by a
hundred times. As for long baseline light interfesters, the collimation of the source is
important and operating in space implies reducimgdpeed of the expansion of the atomic
cloud. The spectacular success of techniques tioatoims with laser light and by evaporation
resulted in temperatures of nanokelvins to micnakel Long interrogation time can be
obtained on ground in fountain clocks, where atameslaunched upwards to take benefit of
the slow expansion. Taking full benefit out of #ecessible temperature range would mean
to realise fountains with 10 to 100 meters heidite long flight distance represents an
intrinsic problem, as all perturbations have teshelded over this distance in a uniform way.
Measures to compensate for gravity with additidoetes unavoidably perturb the sensor and
are therefore not a solution. Consequently, on mplothe 1-g environment sets clear
limitations for ultimate sensitivities. Micrograyits thus of high relevance for matter-wave
interferometers and experiments with quantum mat@ose-Einstein Condensates or
degenerate Fermi gases) as it permits the extemB®mnperturbed free fall of these test
particles in a low-noise environment.

Future of astrophysicsinstrumentswith relevance for fundamental physics

Currently studies of dark energy missions and gdelbgised instruments that can be used to
constrain the properties of dark energy are unasr. ks the results are not yet fully known,
we leave these out of this first version of thedroap. Here we briefly describe the next
generation general astronomy instruments and theeated improvement in tests of
fundamental physics that they will offer.
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The Square Kilometer Array (SKA) is a large radeescope planned to be operational
around 2020. It will discover thousands of new ptds including possibly more extreme
systems than currently known such as pulsar — bhadl binaries, and provide a new basis
for pulsar timing array measurements of very lowqfrency gravitational waves. More
pulsars and in particular lower residual noise wilprove the sensitivity compared to current
pulsar timing arrays by several orders of magnitude

There are plans to study UHECRs and neutrinos witbrgies above ¥beV using radio
telescopes (in particular SKA) to observe emissioo the regolith of the moon. No such
detections have been made in preliminary work ey @LUE project, using the Goldstone
radio telescope. Pilot projects using the Westdri®ynthesis Radio Telescope Array are
under way. These efforts are particularly interegtior the highest energies, substantially
above 16° eV where the technique is most sensitive and #rascomplementary to JEM-
EUSO which is designed to work at lower energiesn@efUHECR are known to exist.

Continued pulsar timing studies will give increasiaccuracy in their tests of GR as some
effects (apsidal angle and time of periastron)sailar effects that build up in time.

The next generation optical telescopes (Extremelygé Telescopes or ELTs) will have
diameters in the 20-40m range and are expecteeddonre operational in 2015-2020 time
frame. They will be able to observe supernovamtch larger distances and may provide
strong constraints on varying fundamental constantsme varying redshifts by very high

accuracy spectroscopy.

C. A roadmap for fundamental physicsin space
C.1 Key science objectives

Before embarking in the next Section on settingugrities in fundamental physics for the
space programme, let us pause to summarize theckemtific objectives, as well as the
experimental or observational means necessarydiessithe corresponding questions (in
bold are those means specific to the field of funeatal physics).

» Can we make new tests of the fundamental prirgipléGR?

( propertiesof gravitational wavesin the 10“, 10" Hz range, test of equivalence

principle, measurement of PPN coefficients, clock redshift)

* What is the law of gravity at all scales?

(motion of massive bodies, propagation of light, clock redshifts, galactic and

cosmological observations)

* How does gravity behave in the strong field reg(olese to black holes, neutron
stars)?

(gravitational wavesin the subHz range, X-ray missions,...)

* Is Lorentz invariance a symmetry of our Universe?

(test of local Lorentz invariance, test of the equivalence principle, study of distant

sour ces of energetic particlesand photons)

* Can we make new tests of the laws of quantum méctfan

(entangled photons, matter interferometry)
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» Can we get insight into the possible unificatiorgtdvity and the quantum theory
(Standard Model)?

(test of equivalence principle, nonconstancy of constants, test of L orentz invariance,

neutrino cross section at high energies, detection of superheavy particles)

* If dark energy exists, what is its nature?

(test of equivalence principle, tests of nonconstancy of constants, test of long range

for ces, gravitational lensing, standardizable candlesysule

» If dark matter exists, what is its nature?

(detection of high energy cosmic particles, test of long rangefor ces, lensing)

* What are the mechanisms of the acceleration of moganticles?

(detection of high energy cosmic particles of variouskinds)

C.2 Prioritiesfor the space program

* Approved missions

It has already been stressed that a certain nuofbmissions have already been approved,
namely LISAPathfinder, ACES and Microscope. Theséssions have allowed the
development of some key technological programsttierfuture of fundamental physics in
space. It is of vital importance for the field thla¢y are launched. This will increase the TRL
of some important subsystems, a key to the suafdagure missions.

* Candidate missions of CV1

It is not in the mandate of the Advisory Team tecdiss missions already present in CV1. We
only stress here their importance for the fieldusfdamental physics.

The dark energy mission EUCLID is presently underga further selection process. We
thus refrain to interfere with this process. Aslsar from the discussions above, the issue of
dark energy has far reaching consequences in fuekahphysics.

The LISA mission was included two years ago int® ¢tbmpetition for the L1 mission of the
Cosmic Vision program. It will undergo the nextesgion in some two years. Obviously, the
LISA mission is central to fundamental physics,hbtitrough its scientific program and the
technologies developed for its completion.

* Regarding the forthcoming M3 call, it is felt byetdvisory Team that it is important
to provide guidelines for a mission that would iy by some two orders of
magnitude the precision of key parameters testiveg laws of gravity, especially
general relativity.

Given the expectations of space clock developnssd the subsection “Clocks on ground vs
clocks in space” and especially Table 1 in SecBof as an important input to the present
discussion), one may seriously envisage an M-mmssiith an optical clock, addressing a
large number of the scientific questions listeguisection C1. Assuming an uncertainty of
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the onboard clock of 1x10, and an optical link allowing the comparison o€lsia clock to
ground optical clocks at the same level of uncetyaione can envisage two scenarios that
would allow significant improvements (> 100) on st key parameters (see Table 1). In a
high Earth orbit, such a mission could provide mpriovement by about two to three orders
of magnitude on the redshift measurement expeataah ACES, perform improved LPI
(Local Position Invariance) and LLI (Local Loreritevariance) tests, and contribute to other
fields (international time/frequency metrology, desy). In an inner solar system orbit
(approaching the sun to about Mercury distance) itmgrovement of the redshift
measurement with respect to ACES would bé th01¢, with 10° improvement on the LLI
test (with respect to ACES) and moderate improverarnthe LPI test. Additionally a solar
conjunction would allow a measurement of PPat the 10 level or slightly below (limited
mainly by the terrestrial atmosphere) represersimgmprovement by more than an order of
magnitude on the result expected from GAIA and Bepopmbo. An onboard accelerometer
(and possibly drag free technology) will be essgrfor precise orbit determination in the
presence of non-gravitational perturbations. Finadin extension of the orbit towards the
outer solar system (possibly to Jupiter or furthérjeasible, would allow some insight into
scale dependent modifications of the S/C trajectagiit propagation and clock frequency.

» Equivalence principle and accelerometers

As we have discussed above, tests of the prinayplequivalence are at the heart of
fundamental physics and are an important tool todgeper insights into the fundamental
interactions. The current findings such as darkriggh@nd dark matter motivate tests even
more than in previous times.

On ground, tests have been performed with an acguoé 1 part in 18° by pendulum
experiments and lunar laser ranging. CurrentlyMh@&ROSCOPE mission is prepared to test
the free fall of classical macroscopic test bodies near-earth orbit with an accuracy of parts
in 10"°. Future tests aiming at 1 part in*i@nd better are considered a very important test of
the fundamental laws of nature and have to be dpeel further.

There are different approaches and technologidmedtshowing the potential to achieve this
goal. Current approaches, including that adoptedfdryy MICROSCOPE, use carefully

machined bodies of different materials combinecwdifferent read out techniques such as
electrostatic sensors, superconducting magnetosneteroptical interferometry. A new,

alternate approach is based on quantum sensord$ wdliz on the wave nature of matter.
Depending on the findings of the MICROSCOPE missideveloping complementary

experimental techniques, with different systematiccertainties and possibly probing
different physical models, may become even morentapt.

Testing the weak equivalence principle at thé'"1@vel is the object of several mission
concepts involving macroscopic test masses. STHH, ralated proposed experiments,
extends the MICROSCOPE concept with contact-freg teasses, liquid He-temperatures,
and a SQUID-based readout, with cryogenic and SQbiéitage from the NASA GPB

relativistic gyroscope mission. The GG conceptsamh similar sensitivities and employs
mechanically suspended coaxial test masses inianigg top” configuration, which moves

the EP-violating signal to the 1 Hz bandwidth. @tlpossibilities include an upgraded
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MICROSCOPE configuration exploiting laser interferetry and contact free test masses
from LISA Pathfinder to reach higher sensitivities.

The success of converting such equivalence priatgst concepts into funded missions will
hinge on their ability to demonstrate — either oougd or with drop towers, parabolic flights,
or ISS/ATV flight — that their sensitivity goalseacompatible with possible performance.
This includes pushing measurements of systematar sources and stray force noise, in
addition to readout noise, near to the levels n@@despace. A compromise will have to be
achieved between the most ambitious science retudnrealistic probability of a successful
mission within budget and time scale constraints.

Testing the equality of inertial mass and grdwoteal mass with matter waves would extend
tests of the principle of weak equivalence to thardqum domain. Some theorists support the
idea that tests of the principle of equivalenceentivbe performed with quantum particles or
matter waves. Laser cooling and quantum degenejases allow engineering of giant
delocalised wave packets of matter, which are stdygeto gravity and can be seen as new
kind of test masses, which can be pure isotop&®sdnic and fermionic nature. These matter
wave interferometers work as calibration-free getional sensors. Experiments are being
prepared on ground and for space in the ambitidveteven more sensitive than current test
with classical bodies. The experimental concepbased on matter wave interferometers,
where mater waves are coherently split to propatataigh gravity over several classical
trajectories. Ground based studies aim to narrowndihe gap between the sensitivities one
may expect in space to achieve more precise exatamo for the accuracies beyond the
MICROSCOPE level towards the range of 1 part itf 28d beyond.

The accuracy and sensitivity of local-acceleratieasurements using atom interferometry
nowadays rival state-of-the-art conventional acoeheters using macroscopic test masses.
With such sensors, the quantity measured direlgtes to the acceleration of weakly
interacting particles via experimentally well-canited quantities, such as laser wavelengths.
In addition, the evolution of these particles ie travitational field can be modeled within a
covariant quantum field theory. Recent results gisatom-interferometric gravimetry to
compare the acceleration between two isotopes Haweonstrated the possibility of atom-
interferometric tests of the UFF. Ongoing effodseixtend the size of inertial-sensing atom
interferometers by increasing the interrogationetiopen the door to high-accuracy atom
accelerometers which will be very sensitive to $emaccelerations, thus pushing the limits
of these tests. These long interrogation times,lae free-fall heights, can be achieved
when using a large experimental chamber to lauhelatoms such as a 10 m-high fountain.

Compact apparatuses can also be used in reducetigravironments, such as drop towers,
orbital platforms or atmospheric parabolic fligh#égoms, isolated in a vacuum chamber, are
truly in free fall in the Earth’s local gravity fob as long as they do not hit the chamber walls,
or experience field gradients (optical or staticgmetic). Measuring differential phase
between similar interferometers using the same lgis been shown to reject common-mode
inertial noise up to large scaling factors and tmisthod can be efficient in performing a
differential measurement between two inertial sensesing atoms of different mass and
interrogation wavelength. Even for large vibrationaise, and large interrogation times, the
measurement of the differential phase shift, he. dcceleration difference, can be measured
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to a high precision. This opens new perspectivethi® development of high precision test of
fundamental physics such as tests of the equivalpriaciple. For example, a precisionmpf
05 x 10! could be achieved with a free-fall time of 4 slie Zero-G Airbus, such as for the
ICE experiment. Next-generation tests of the UFBusth then be developed on dedicated
orbital platforms where a target accuracyof 8 x 10™, close to that of thprojectuSCOPE

, is reachable with no specific drag-free platfodm a dedicated satellite mission a maximum
differential accelerational sensitivity of1®° m/s* corresponding to an accuracy of the test
of the equivalence principle of 1 part in*48ould be achieved.

* Missions to the outer solar system

We have stressed above the importance of testangtgrat all distance scales.

Dedicated missions and instruments will contridotelosing the observational gap between
precision Earth-based observatieny(LLR, i.e. Earth-moon distance) and astronomical
observations. Generally speaking, one expects wéisler effects on the gravitational motion
of test-bodies, the trajectory of light, and thédnéor of clocks, as a function of distance to
the gravitating body. In most space experimentsalrserves a combination of those three
effects, so diverse experiments are required enthsgle them and restrict the corresponding
parameter space of alternative theories.

In this context, planetary missions to the outanets and can play an important role, as their
gravitational trajectories, when sufficiently welktermined and controlled, offer the current
best large scale probe of some of the observafgetefdiscussed above. In particular, any
inconsistencies in the analysis and modeling ofndnggation data may be hints towards new
physics. However, such missions are optimized Heirtprimary (planetary) objectives, and
as a result the information available on fundameplysics is not always unambiguous
and/or sufficiently precise. In future planetaryseions, it would therefore be desirable to
include fundamental physics objectives, and if seagy related instruments (when possible),
at the earliest possible stages of the missiorgdesi

In future missions to the outer solar system, tbg technologies for the efficient study of

scale dependent gravity are those required foriggespacecraft navigation and high precision
timing: accelerometers and drag free technologgmat clocks, high performance radio

and/or optical links. Ideally, a combination of af those technologies on a trajectory
reaching the outer solar system would provide tlostnsomplete mapping of gravity at all

attainable scales by man-made artifacts. More nilycigmrtial inclusion of such technology

(with sufficient performance) on planetary missi@ml/or planetary landers would continue
to provide useful information for fundamental plogsi

It is felt by the Advisory Team that the scienangfrom going to the outer solar system
does not warrant a dedicated fundamental physicdaks mission, as most fundamental
physics science objectives of such a mission (#ithexception of scale dependent gravity
measurements) can be achieved in a more modesomisgshe inner solar system. However,
an L class mission could be of interest when cometdbiwith planetary objectives, and such
opportunities should be further explored (Neptuné s moons, Pluto and other Kuiper belt
objects,...).
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A more modest M-class mission, although less sgasdnd less complete, would be of
strong interest for the study of large scale gyawt particular when combined with planetary
objectives, like for example the exploration of Mepe and its moon Triton (cf. the Argo
proposal) and Kuiper belt objects. However suchission might be difficult for ESA alone
because of the lack of RTG power supplies in Euragaoint that needs to be clarified in the
short to medium term ESA technology developmem.pla

In conclusion, planetary missions to the outer rselgstem have been (Viking, Cassini-
Huygens) a major source of information for fundatakphysics in the solar system, and
have triggered large interest in the field. Thislikely to continue with future planetary
missions, provided the fundamental physics objestiand specifics (precise navigation,
additional instruments, ...) are sufficiently takemoi account at an early stage in the mission
development. Dedicated fundamental physics missionthe outer solar system (L or M
class) are of particular interest in the contexsadle dependent gravity, but their chances of
selection and success will likely depend on a geodhbination and compromise of
fundamental physics and planetary science objextive

* High energy missions

In the field of high energy astrophysics, thera faurry of activity around the signals
provided by particle detectors in space (PAMELAr, and their possible connection with
dark matter annihilation. The AMS02 mission wilmbe launched very soon. Once its first
results are obtained, the situation will hopefaligrify. This might lead to the concept of a
new mission proposed for the M3 call. It is howefedr by the committee that it is presently
too early to identify this concept.

* Mission of opportunity: JEM-EUSO

The JEM-EUSO instrument offers a mission of oppatjuof interest to scientists in France,
Germany, Italy and Spain as well as in Japan, Meaid the USA. The proposal is to fly a
telescope of 2.5 m diameter with + 30° field ofwien the International Space Station to
observe cosmic rays above 4 X168V through the fluorescence radiation that theate in
the Earth’s atmosphere. It is a high-energy aattape physics mission post-PAMELA,
AMS and Fermi that offer significant opportunitiesftundamental physics and, given 5 years
of operation, will provide an exposure more thafaetor of 10 larger than likely to be
achieved with the Auger South Observatory.
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C.3 Technology

Fundamental Physics in Space employs a very widgeraf technologies to achieve the
instrumental performance required for each misdiomost cases the signals being searched
for are at the limits of detection and there arenynsystematic effects and spurious signals
which can generate false outcomes. The scientifigness is therefore very closely linked
with the development of precision technologies.sTimakes such missions challenging for
scientists and engineers but also very fruitfutest beds for emerging technologies which
have immense potential in other fields of applmati

Different stages can be identified in the developnod fundamental physics technologies for
space:

1) Theoretical and laboratory demonstration of newcepits

2) Improvement of the technological readiness leveldoperation with industry

3) Manufacture, testing and delivery of flight hardear

While stage 1 might be expected to take place iivésgities and research laboratories it is
important that there is close cooperation betwes snstitutes and industrial partners with
space experience from the earliest moments of fatyjgleed, involving appropriate industry
even in stage 1 can be beneficial in ensuring dparopriate choices are made of critical
components. The QA and schedule requirements gé s2amake it mandatory that this be
carried out by experienced industrial companies$with the originating institutes available

as consultants to support the achievement of thieeeperformance.

Fundamental Physics can sometimes be carried oat @sssenger activity on other space
science missions. To facilitate this method of wagk ESA should consider offering the
early study outputs of all missions to the FundamadelPhysics community for analysis to see
if a cost effective addition to the payload woukhgrate important new science in the field of
Fundamental Physics.

Free-falling test masses, electrostatic accelerometers and drag-free satellites

A large class of fundamental gravitational expentseinvolve the measurement of the
relative acceleration between free-falling testibed This ranges from weak equivalence
principle tests — where the differential accelematbetween nominally coincident test bodies
is measured — to gravitational wave observatiorcelaration between distant test masses —
to time delay and deep space gravity tests withidlevant acceleration that between a distant
spacecraft and the earth.

A detector of the relative acceleration betweenpacscraft and a free-falling “geodesic
reference” test mass inside the spacecraft is ethtart of many of these measurements.
Non-gravitational forces acting on the satellite &ee effectively removed, by measurement
and subtraction or by active orbit compensatiohese two principle operations modes are
* Accelerometer mode, in which the reference testsnmaforced to follow the satellite,
with the satellite non-gravitational accelerati@calated from the applied force;
» Drag-free mode, in which the satellite thrustertealysuses the sensor of relative test
mass-spacecraft displacement to actively servcséhellite to remain centered with
respect to the geodesic reference test mass.
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Electrostatic displacement sensors and force amgjatommonly referred to as electrostatic
accelerometers, are used extensively in both ektheles, including:

» Measurement of non-gravitational spacecraft acasters for precision trajectory and
time delay measurements (BepiColombo), geodesy (@RA and future possible
deep-space gravity tests.

* Measurement of the relative acceleration of diffiéfece-falling test-masses inside the
same spacecraft, for a weak equivalence princippasurement (Microscope), and
geodesy (GOCE), both employing drag-free controlgiat least one free-falling test
mass.

» Displacement measurement for a drag-free contral, @ general defining the free-
fall environment, for a geodesic reference testgnasch as for LISA and LISA
PathFinder. Here an interferometric readout stuies the electrostatic sensor in the
most sensitive measurement axis, with the eleettiossensing and actuation used for
sensing and control of the additional degreesesddom.

Europe has the lead in high precision electrostiace accelerometers, with the ONERA-
based accelerometers flying on-board of GOCE (dadngd for Microscope) defining the
current state-of-the-art. This allows accelerogetrthe pm/&Hz*? level at several mHz,
with displacement sensitivity of order tens of pri/#

Several factors limit the sensitivity of electrdgtaaccelerometers. The inertial or geodesic
reference test mass is connected to the surrogiseinsor by a thin wire, which fixes the test
mass potential in the presence of charging frommiosand solar particles. The wire

introduces sensitivity limiting force noise and anknown force offset. Small test mass-
sensor gaps, of order hundreds of microns, allowspnsing, but also introduce significant
force noise from stray electrostatic fields and vdn@an residual gas impacts. Finally, in

applications without drag-free control, the apgima of electrostatic forces invariably

introduces a noisy test mass acceleration, in i@tdto a force calibration issue for cases
where the relevant acceleration must be knowngb Helative accuracy.

The LISA gravitational wave mission builds on ONERkectrostatic hardware to push the
use of geodesic reference test masses to the néedstHz""*level. The ground wire is
removed, leaving no mechanical connection betwpanecraft and test mass. Large, several
mm gaps limit stray electrostatics and gas impabis. electrostatic forces are applied along
the sensitive measurement axis, with the spacedradf-free controlled. Ground testing with
torsion pendulums has demonstrated the absenagknbwn acceleration noise sources at the
level of tens of fm/AHZ? inside the electrostatic sensor, and the LISA firatlr mission
will provide an all-encompassing acceleration ntés at levels approaching the LISA goal.

The improved performance with the LISA hardwareréases complexity and price. The
larger gaps limit the electrostatic position sewisjt to the nm/H2' level, which requires the
use of an interferometric position readout to reaab-femto-g acceleration measurement
noise at most frequencies. The lack of a groundimg requires a UV photoelectric
discharge system to control cosmic ray chargingalfy, the drag-free system demands high
precision, low noise, and long life microNewtonusters.

In the absence of a drag-free satellite systenfabsolute” accelerometer with high relative

accuracy and very low “DC bias” is needed for aateimeasurement of the DC or very low
frequency acceleration of a satellite. An elec¢atis sensor, based on the GOCE heritage,
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and designed to remove a DC acceleration bias foooes originating in the sensor itself, is
currently under development for application in degpace trajectory measurements. The
sensor would allow 180° rotation of the acceler@nehus reversing the sign of any sensor-
related test mass acceleration, aiming to allovow-bias” accelerometry measurement valid
to the 10’ Hz frequencies relevant to a deep space grawstyiith spacecraft tracking, to the
40 pm/$ level. Such an instrument (GAP) is proposed foltision on a planetary mission, as
suggested by the FPAG recommendation FPAG(2007)@e Nenerically, accelerometers
with good performance at low frequency are develapedifferent groups as less costly and
less complex alternative to full drag free operatidhere feasible.

A key technical hurdle for low bias accelerometndalrag free systems for use at DC or
extremely low frequency, whatever the type of senisahe test mass acceleration due to the
self-gravity of the spacecratft itself. The LISA Rfihder mission, for instance, must achieve,
and will test, spacecraft self-gravity control teetnm/$ level, and significant improvement
upon this is demanding for spacecraft design atejration.

A drag-free control system uses an array of higitigion thrusters to keep the spacecraft
centered upon a geodesic reference TM, based onreh@out of an electrostatic or
interferometric displacement sensor. In the liafihigh drag-free gain, with thruster control
quick enough to provide high attenuation of foregtudtbances acting on the spacecraft, the
spacecraft follows the TM to within the displacemensor noise, giving several key
advantages:

* In the absence of applied electrostatic forcesmatihg source of force noise and

dynamic range is removed, resulting in a bettedgsiz reference.

* The quiet spacecraft motion reduces the coupling the motion of the test mass,

again reducing the overall acceleration noise efréference test mass.

» The quiet spacecraft becomes an inertial platforan further small force

experimentation.

* For applications where the test mass (or spacg¢a@afieleration must be known to

high accuracy, the electrostatic force calibratiereliminated, as is, to first order, the

displacement sensor calibration.

Drag-free systems have been implemented on GOCEG®RI and are envisioned for the
upcoming Microscope and LISA PathFinder missiohkese last two, and LISA, will employ
ionic and/or colloidal propulsion. Development ofliably and durably performing

microNewton thrusters has been a challenging teehnissue for these missions.
Demonstrating their performance is a key aspetti®f Pathfinder, and testing their useful
lifetime for the longer LISA mission remains an ionfant ground testing issue.

Recommendations:

e Launching LISA Pathfinder without further delay & vital importance to the
development and validation of low noise electrostaccelerometers, drag free
technology, and future missions in fundamental msys

* Ground testing of longer lifetime microNewton prégan is key for Microscope,
LISA and any future multi-year drag-free mission.

« The development of low bias accelerometers, comleatvith 10 pm/é spacecraft
tracking at frequencies down to 181z and below is essential for gravity tests using
dedicated or planetary missions, and should be updrs In parallel the
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accommodation of such accelerometers onboard theespaft and corresponding
constraints (including self-gravity) should be istigated from the early stages of the
mission design.

« Future missions demanding significant improvemenmttite fm/é-level of free-fall,
such as advanced gravitational wave missions,detthand, in addition to all-optical
sensing, redesign of the gravitational referencelvaare that houses the test mass,
likely including significant pressure reduction e the 10° Pa level targeted for
LISA), larger test mass-sensor separation andigetaest mass.

Development of optical clocksfor space applications

In ground-breaking work performed in Europe, a hpginformance cold-atom space clock
(PHARAO), an active hydrogen maser (SHM, space dgein maser) and associated systems
for frequency comparison with ground (MWL, microvealink) have been developed to
engineering model level in 2009, a flight modelrsder construction and to be delivered in
2011. The flight model will be part of the ACES sian ready for launch to the ISS in 2013.
The specifications of the PHARAO cold atom clock 4x10*3t*? instability (up to 1 000
000 s) and 810*° inaccuracy, with a goal of1L0™® for the latter.

A second flight model of PHARAO for another missiafter ACES could be built,
capitalizing on the initial investment. The costulbbe modest compared to the total cost
incurred until delivery of the first flight moderhis second clock could be used for a number
of missions exploring fundamental physics., capaiflgoroducing science results beyond
ACES, both with Earth orbiting and interplanetarigsions.

Optical clocks represent the next generation otkdo Considering the performance of
PHARAOQO and considering the efforts and the hightcdkat the development up to flight
hardware of an optical clock would require, suchrarestment is only justified and will only
find support if its metrological performance or ettproperties (dependence of fundamental
constants) will enable science results signifigamither than those achievable with the
available space clocks, in particular PHARAO. Patars such as volume, mass, power may
play a role in the mission as well.

For fundamental physics, the availability of a &edth performance significantly superior to
that of PHARAO is seen as very important. The higirecision of the experiments that one
could reach with an optical clock of such perforeceoould be a decisive factor in justifying
a mission. An optical clock also allows more simfilg use of a laser link from the space
clock to ground clocks, should this be necessarypl@aticular mission scenarios. It is
therefore suggested to develop a space clock tiidtave a performance a factor 10 better in
accuracy than PHARAO, as well as a hundred-foltebstability.

Concerning state-of-the-art in Europe, the nationatrology and university institutes have
developed laboratory optical clocks of differeméy(single ion, neutral atom ensembles) and
are in the process of developing new types. Inawes and instabilities achieved at present
are still considerably distant from the above godth lowest values at thexa0™® level.
Laboratory optical clock developments are planredeach ¥10° inaccuracy for neutral
atom optical clocks within the year 2010 (PTB, S\H};Tand a similar level for ion clocks
(PTB).

The existing experience on space clocks and cudevelopment activity in this direction is
in particular:
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1. Significant know-how exists in the groups andhpanies that have developed ACES and
more specifically PHARAO. A large number of subisyss or components as well as
modeling, specifications, and testing know-how haen acquired in developing this space
atomic clock, on items such as narrow-linewidthetas shutters, optics, optical bench,
acousto-optic modulators, injection-locking, fibetdHV vacuum vessels, magnetic field
control, thermal control to minimize systematicftshicalibration and operational procedures,
and many more. This is an extremely important aepee base that can be applied well to
optical clocks and it is considered absolutely ssagy to use it in order to save costs and
time.

2. Additional space-qualified subsystems (frequestepilization units based on ULE
cavities, fiber lasers) already developed by spadastry in ESA member states for other
applications could be adapted to the optical clos#ds.

3. A European consortium has made a significanoreffn developing compact and
transportable optical clock demonstrators, basedlattice-trapped neutral atoms. The
development includes a Sr breadboard, a Yb trategerapparatus and the corresponding
compact clock laser subsystems. The two clockpkmened to become operational by mid
2010. This work has been funded in the ELIPS prmogoh ESA within a mission plan that
foresees a flight on the ISS around 2020. The gbahis development is an optical clock
with a performance at the few '1Dlevel in inaccuracy and an instability, such thawill
allow comparing future ground clocks at the fevi*3evel as well as performing a ten-fold
improved measurement of the gravitational redshiftis consortium has recently been
enlarged to 16 European groups, including all maptional metrology laboratories, as well
as non-space and space industry, in order to efégtcontinue the development of the
above clock demonstrators. In line with a givenderate funding envelope the goal has been
set to demonstrate 1x18t*? instability and < 5x18’ inaccuracy within a 4 year time span
on a breadboard-type clock. The consortium’s matiomale behind a development of this
type of clocks for space are:

- In the laboratory (NIST, JILA, both in the USA), efe clocks have reached
performance beyond the best microwave clocks. AZ08, an uncertainty of 1.5x10
16 (Sr at JILA, 2008), limited in part by the blackdy radiation shift, and an
instability as low as 3xI (Yb at NIST, 2009) have been demonstrated.

- It takes advantage of the fact that laboratoryidattlocks and transportable lattice
clock demonstrators are under development in 8 f&a groups, including all major
national metrology labs, ensuring a deep and widaspinterest, rapid progress, a
numerous base of researchers . In paticular, tlogvdrow is not concentrated in a
single group. This widespread activity also proside pool of scientists for space
industry to involve in and hire for industrial démement of space clocks.

- The development will in particular profit from ongg studies on laboratory lattice
clocks being funded by non-space agencies. As ampbe, the black-body shift, one
of the major systematics, is under study in seveatibnal metrology labs. The results
of this study, combined with the space industrXpegience in thermal control of the
atomic environment of the PHARAO clock are expectedallow control of this
systematic at the 1xI0level.

- The required technology for lattice clocks is wellder contol, widely available, with
most items being commercial off-the shelf composemind offering at least two
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different laser technology approaches. The ovexdtem is of a complexity that is
reasonable if related to the performance.

Trapped ion clocks offer an alternative to neustt@im ones with equal potential in terms of
accuracy and interesting prospects in terms of rmadgower budgets. In ground laboratories
(NIST, USA) different types of trapped ion clocks {and Hg) show inaccuracies at 2x10
and more recently at 9x18 for one of them, however the complex technologya(gum
logic for A" and cryogenics for HY is not easily adaptable for space clocks. In Eero
single trapped ion clocks based on*aibd Si have reached inaccuracies of 4.5%%@nd
3.8x10™, respectively with good prospects of further imgments compatible with the few
10" goal mentioned above. The technology of thoseksldg much more readily adaptable
for space than that of the US clocks(ahd Hg)

A good part of the new technology developments egddr space optical atomic clocks is
independent of the type of atom or ion used (eigh-power diodes, ultra stable optical
cavities, frequency stabilization, frequency confileguency conversion, etc...) and thus
generic to the field.

Recommendations:
As PHARAO/ACES have shown, space optical clock treent will be very expensive,
and the cost is unlikely to be borne by a singlentky, nor can the work be performed by a
single or a few groups. It is imperative to haveEarope-wide activity, and that the
development builds on the already existing know-lans capabilities of European industry,
European scientific laboratories, and use all bigtaxisting hardware. Duplications are to be
avoided. Only in this way can an efficient use oéypous investments and future funding, as
well as an efficient and quick progress be madefulds for development will be limited,
concentration on the most promising and realisyitesn for achieving 210"’ inaccuracy
and X101t instability is required. In view of this, we recorend :
1. An efficient use of available know-how and reses, previous investments
2. An efficient coordination between the activitefgesearch groups in various countries, and
the national agencies and ESA, so as to allow namdress
3. First performing the technology development tems that are already well-established in
laboratories as well as COTS, towards space vession

(3.1) the space-qualification of the diodes, fibensd crystals and coatings for clock,
cooling, and manipulation lasers .

(3.2) the clock laser subsystem (incl. referenagtgawith <5x10™° instability

(3.3) the lasers’ frequency stabilization, frequeaeantrol and power control units.
These activities are suitable for being performedraindustrial level, building on existing
experience with diode laser chips, external cawipde laser subsystems, frequency
stabilization, and optical bench. They can be fadnde a GSTP or a similar technology
development program.
4. The development of the atomics package shouldwoas a second, later step, taking
advantage of significant conceptual improvemenéstst and characterizations that are
planned or ongoing in research labs in the meae.tim
5. As a third step, space technology developmentafrequency comb with performance
compatible with the above clock specificationseguired.
Recent developments on new laser technologies dtam@ high-power lasers, micro-optics,
integrated optics, micro-combs) are alternativesthvetudying in research and development
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laboratories up to tests on laboratory clocks, possible subsequent space technology
development.

Development of optical links

All space missions use electromagnetic links forigtion, time/frequency transfer,
and communication. Generally speaking, the cafrezguency, the modulation frequency and
the modulation method (amplitude or phase moduiatal play an essential role in the
design and success of the link and therefore tissiom. In the radio domain the evolution of
the last decades has been marked by a continuossge in frequency from a few GHz to 30
GHz and more (Ka band) and by the increased usmuififrequency links to mitigate
dispersive effects (solar corona, ionosphere). Téablution was accompanied by a
corresponding increase of modulation frequency ardeased use of phase/frequency
modulation (rather than amplitude modulation). Téason for that development is the rapid
gain in signal to noise ratio with increasing fregay and the corresponding improvements in
measurement precision and data rates. A high-pedoce link for clock comparisons and
time transfer experiments is presently under dgreknt in the ACES mission. ACES MWL
(MicroWave Link) is a two-way two-frequency (Ku-hand S-band) system that will allow
comparison of remote clocks to a frequency unaastabelow 1x10 after one day of
integration time. MWL technology, presently deveddpand tested to engineering model
level, is widely applicable on Earth orbiting sétes, offering the major advantage of being
insensitive to weather conditions. Over large disés, the limits of radio links are imposed
by the required power which requires large antemwndis corresponding difficulties on the
control of the antenna motion (vibrations etc.) #metmal noise.

The future development of high performance linkdl wnost likely follow the
evolution of the last decades, ie. the increaseaofier and modulation frequencies. In this
perspective a major technological step is in pregjravith the passage from radio to optical
frequencies corresponding to a frequency leap otitb orders of magnitude. The first step
of this change has been achieved by the use otgulsers for satellite and lunar laser
ranging, and satellite altimetry. That method hasrbrecently adapted for time/frequency
transfer (Time Transfer by Laser Light, T2L2) whishpresently being validated onboard the
JASON-2 satellite. The basic principle of pulsediag links is an amplitude modulated
optical carrier frequency with typical pulse dusats of order 18 s. This corresponds to a
gain of about one to two orders of magnitude waspect to the carrier period of radio links,
with a corresponding increase in precision (mm iragg It is expected that optical links will
evolve towards the direct use of the optical carti®** Hz) with a potential gain of another 4
orders of magnitude in Doppler tracking and frequyetmansfer. The phase modulation of that
carrier will allow absolute distance measurements tame transfer, additionally to high rate
data transfer.

That development is naturally paralleled by thespnt and expected improvements of
clocks, in particular in the optical domain, ongnd and in space. Best ground optical clocks
already reach uncertainties f10%", and are expected to further improve. Efforts tfee
development of space optical clocks are under weag 6ection B.4). To compare such clocks
in distant laboratories on the ground, or groundspace, present radio links via satellites
show insufficient performance. In Earth orbit (IS8 ACES MWL (0.3 ps precision) will
require about 1 day integration time to reach thie 0" level of the best present optical
clocks. An improved version of the ACES MWL for Barth orbiting satellite is projected to
be capable of 1xI¥ inaccuracy after one day of integration. Howewsfer interplanetary
distances no such method exists or is foreseen.
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On the ground, for short to medium distances (up 00 km) recently developed
methods use optical fibre links with a direct meament of the optical carrier frequency.
Such links have demonstrated sufficient performaiocepresent and future optical clocks.
However they are limited to relatively short distas and unusable for clocks onboard
terrestrial and interplanetary spacecraft. Exteqditose methods to free space propagation
would open the way to applications not only in faméntal physics, but also in navigation,
Earth observation, solar system science, and teleamications.

Several methods for the realisation of high penfamce optical links are being
investigated in Europe at present. T2L2 is a pulsgstem derived from satellite laser
ranging, and presently in the process of validatiohoard Jason2 (launched in June 2008). A
project for an interplanetary version of T2L2, edl TIPO {Télémétrie Inter Planétaire
Optique, is based on the same principle but in a one-wagfiguration (although
generalizable to the two-way case). The T2M projdclémétrie laser a 2 Modgss
developed at the Observatoire de la Coéte d’Azurhwhe aim of absolute distance
determination between two satellites separatedpyoul000 km. It is a two-way link that
uses the beat note between two laser-modes sepdmate radio-frequency. In the medium
term we expect the realisation of phase cohereintadpinks using directly the optical carrier
in a two-way configuration, similarly to existingofe links (and in analogy to the optical
interferometry of LISA). This requires an onboamkdr and an onboard optical phase
coherent transponder and/or an onboard opticakclBiee main limiting effect is expected to
arise from turbulence when crossing the Earth’sogphere. First experiments to study those
limitations have been carried out in a collaboratibetween Paris and Cote d’Azur
observatories with CNES support, showing the felgibof such links through the
atmosphere, and demonstrating the high potentiain&vigation and long distance clock
comparisons at the level required by the best aptitocks today and in the foreseeable
future. Phase coherent links are also being exgldog their potential applications in
telecommunications, a prototype is presently beéasged by DLR onboard the TerraSAR-X
satellite.

It should be stressed that at present Europe bassaderable advantage in optical link
technologies for navigation and long distance cl@dmparisons, allowing for a rapid
development of that technology for space application particular in fundamental physics. .
It is recommended to actively continue the develepiof high performance links in Europe,
working towards the implementation of such linksexisting and future space platforms and
missions.

Development plan for matter-wave interferometer.

Atomic quantum sensors based on matter wave intenetry, are capable of detecting very
small accelerations and rotations. For exampldée-sththe art atom accelerometers have a
sensitivity of 10° m/§/VHz and their accuracy limit, yet to be demonstratadiong term
gravimetric data acquisition, has proven to be tlahiby gravitational background noise.
These instruments reach their ultimate performamspace, where the long interaction times
achievable in a freely falling laboratory improveeir sensitivity by at least two orders of
magnitude and the possibility to use dedicated-theg platforms enables the isolation of the
sensor to exceed the ground-based background agdums.
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Cold atom sensors in space may enable new clagseperiments such as testing
gravitational inverse-square law at distances fefaamicrons, the universality of free fall and
others. Matter-wave interferometer techniques megd|to radically new tests of the
equivalence principle using atoms as nearly pertest masses, measurements of the
relativistic frame-dragging precession, the valiigGoand other tests of general relativity.
Furthermore, cold atom quantum sensors have ertalémnsitivity for absolute measurement
of gravity, gravity gradients and magnetic fieldsveell as Earth rotation, and therefore find
application in Earth sciences and in Earth-obsegrfawilities.

Today, a new generation of high performance quargansors (ultra-stable atomic clocks,

accelerometers, gyroscopes, gravimeters, gravagligmeters, etc.) is surpassing previous
state of the art instruments. They represent a teeynology for accurate frequency

measurements and ultra-precise monitoring of acasd&s and rotations. In addition, studies

on ultra-cold atoms, molecules and degenerate qoagases (BEC, Fermi gases, and Bose-
Fermi mixtures) are also steadily progressing. BEQvides gases in the sub-nano-Kelvin

range with extremely low velocities (i.e., at thécran per second level), that are ideally

suited for experiments in a microgravity environinen

Because of the anticipated strong impact of these aevices on the entire area of precision
measurements, the development of quantum techmesldgr space applications needs an
increased activity.

On ground, many programs formed by large teamslaeady going on in Europe : starting
from transportable sensors built as demonstratobe ttested at low inertial noise sites, more
ambitious experiments are designed to be operatgai@bolic flights and sounding rockets.

Today, Europe, with the support of ESA as well adamal space agencies, is leading the
studies towards these applications. The first steg the HYPER (hyper-precision atom
interferometry in space) proposal led by a Europeamsortium and submitted to ESA in
2000. The proposal consisted in 2 atomic gyroscopeseasure the time dependence of the
gravitomagnetic effect as well as verify the eqlewae principle. The HYPER assessment
study, followed by an Industrial System Level Studgmonstrated the feasibility of the
mission but the technique of cold atoms was notsiclaned mature enough for a space
mission.

In the last decade several initiatives in Europeaw the US aim to demonstrate the
technological feasibility of cold atom sensors. @ound, many programs formed by large
teams are already going on: starting from transjpdet sensors built as demonstrators to be
tested at low inertial noise sites. For space, \ag identify:

— a German pilot project to develop a mobile BE&tfpkm for microgravity experiments in
the drop tower and during parabolic flights, hagrbeunning since January 2004. The
QUANTUS team, currently comprising 13 Institutiomrgalised a compact facility which
achieved for the first time a Rubidium Bose-Einst€ondensate in the extended free fall at
the drop tower in Bremen. The facility permits #tady of the generation and outcoupling of
BEC in microgravity, decoherence and atom interfeetyy as well as opening an avenue to
perform atom-optical experiments with ultra-coldsgs, e.g. quantum reflection, in a new
parameter range. The facility could represent #opype for a sounding rocket mission.

— a French RT project to develop a transportable-gpecies atom interferometer for
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parabolic flights, has been running since 2004e ICE team, comprising 3 institutions with
a well established expertise in space componentgrates a cold atom light pulse
interferometer in aircraft parabolic flights, whickas recently successfully tested and
demonstrates the operation of an airborne and @ anterferometer. It will be used to
develop the future generation of air/spacebornenatertial sensors, as well as the relevant
additional subsystems to operate the sensor isghee environment.

All these programs, along with the demonstrationEafopean leadership in compact and
airborne cold atoms technology, helped to iden&ihd develop relevant technologies for
future space atom interferometers: developmentoofipact laser sources, fully integrated
optics optical benches, radiofrequency referenoe vacuum components ...

A first effort to combine these advances is spoedry ESA through the SAI program
(Space Atom Interferometers). The SAI consortiuingd eleven leading European groups
for realizing a transportable atomic accelerome®&l will realize a prototype for a space-
compatible inertial quantum sensor for testingdkeice at system and subsystem level, and
for exploring new schemes based for example ontgoadegenerate gases as source for the
interferometer. Additionally, it will investigatédné realistically expected performance limits
and potential scientific applications in a micragty environment considering all aspects of
guantum, relativistic and metrological sciencese Tésulting set-up could be tested in both
the QUANTUS and the ICE facility, thus providingettommunity with a wide range of
validation and tests.

Future developments on ground: Ground based expetsrcan still provide, in addition to
the microgravity facilities, useful environmentswerify the bias stability and the long term
performance of the atom sensors. It will be ofipatar interest to operate the devices at very
low-noise facilities e.g. environment similar otttee to that where the Einstein telescope will
be operated. It will be of particular interest twass underground facilities for instance.

In addition to the first demonstration in parabdlight, further efforts should be made to
operate ultra-cold atom sensors in a microgravityirenment such as the drop tower,
parabolic flights and very soon, sounding rock8scause development cycles on ground-
based facilities (either in a plane or in a dropvdg can be short enough to offer rapid
technological evolution for these future sensonss will allow for a rapid cost-effective
development of the future space sensors. It walb affer the possibility to explore most of
the atom-sensors related science objectives ahtanriediate level of precision. Precision
drag-free space-born applications will strive fottemding the time of free fall towards
regimes where NanoKlevin cold atoms are a preréquis

Future developments for and in space: The recerdraegs in the three programs mentioned
above show that many subsystems are already in adfeanced stage, where no further
scientific investigation is necessary. For instae® optical bench technologies have been
demonstrated for their ability to sustain the higibrations, pressure and temperature
variations encountered in the dropped tower or Qg flights. In addition, the PHARAO

technology could be easily adapted to such instrnisnel herefore, a technology program
should rapidly focus on the development of spacmfpoptical benches for future atom

sensors. Indeed, the laser cooling and atom matipal bench will be at the core of any
future instruments, and its miniaturization will be&key to extend the scope of its utilizations
in space. Such a compact cooling bench could dgtiegidly be tested on a first sounding
rocket mission for testing components of matter evasensors. Similar technological
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development could already be funded for high precifrequency references ...

Rapidly in the future, it will be efficient to penfim a differential measurement between two
inertial sensors using atoms of different mass iatetrogation wavelength. Even for large

vibrational noise, and large interrogation timds tmeasurement of the differential phase
shift, i.e. the acceleration difference can be messto a high precision. Although deploying

atom interferometric inertial sensors on dedicaidatal platforms for next-generation tests
of the UFF will increase the measurement sengjtati the price of an increased sensitivity to
vibrational noise, the use of fast-convergencenegtrs in the differential acceleration

estimate will help reject this acceleration noisel #ghus relax the requirement on drag-free
vibration isolation performance. Hence, a one yaasion on the ISS could reach a target
accuracy ofy 08 x 10", close to that of thproject MICROSCOPE, but with quantum objects
and no specific drag-free platform.

Recommendations :
The technology development on cold atom sensorldhHoaus on:

« 1°: Ground based experiments to test the accuraatoaf interferometers.

« 2": Advanced technology development of relevant gsiesns such as laser bench,
frequency reference. These technological develomrmuld be done in coordination
with the development of compact and/or advancenhiatolocks.

« 2" Operation of atom interferometer under environtsesuch as drop towers or
parabolic flights and future sounding rocket miasio

« 3Y: Bridging the accuracy gap between space missindgjround-based missions.

« 4" Exploring the quantum tests of the EP on the ISS

Technology developmentsfor Ultra High Energy Cosmic Rays

Work in Germany and Russia is underway with thel g@fadeveloping advanced Si-
Photomultipliers (SiPM) for space missions dedidate study UHECR. The SiPM devices
offer low weight, very low power consumption (< 9 m?) and compactness and would
allow the threshold for the detection of UHECR ® pushed at least as low as™>16V.
Currently the photon detection efficiency of SiPM#15% and it seems possible to raise this
to 70%. Technological effort from ESA is highlysi@ble to qualify these devices for space
applications and to set up a framework with Europkalustry for mass production. It is
likely that there would be spin-off for applicat®m other fields including quantum optics,
communications and medicine.

42



C.4 A set of recommendations

Our recommendations for future free flyer missiars summarized as follows:

» Itis of vital importance to the field of fundamahphysics that the missions presently
approved (LISA Pathfinder, ACES and MICROSCOPE)lammched with no further
delay.

* In the context of the M3 call, the Advisory Teampparts the concept of an M-
mission with an optical clock with an uncertaintylx10*’, and a link allowing the
comparison of such a clock to ground optical cloakshe same level of uncertainty
and allowing comparisons of clocks on ground atltk#0™® level. This will allow a
highly accurate test of the structure of space-tfanaesting the gravitational redshift
at the inaccuracy level of approximately 1 part If°, in addition setting a
corresponding limit to a possible spatial variatafithe fundamental constants. This
represents an approximately*#6ld improvement compared to ACES or potential
future ground results. The mission may be constlevgh two options, a (highly
elliptical) high Earth orbit or an inner solar syst orbit (approaching the sun to about
Mercury distance). The latter option would provsinsitivity to effects of second-
order in the gravitational potential. Moreovercduld in addition enable a Shapiro
time delay test, measuring tiygparameter of post-Newtonian gravity theories at th
inaccuracy level of 1 part in 10a hundredfold improvement. The mission also
provides the opportunity for improved tests of Ldeeinvariance, and provides strong
science results in other fields (geodesy, time ohadyy).

+ A test of the weak equivalence principle, at theeleof 10" or better, would provide
an important test for many theories proposed beybaedstandard Model and General
Relativity. For candidate mission concepts, usingcroscopic test masses, to be
successful in the M3 call, it is important thatythee able to demonstrate on ground
that their sensitivity goals are compatible withspible performance. This includes
pushing measurements of systematic error souraksteay force noise, in addition to
readout noise, near to the levels needed in sphtater wave interferometry could
represent a very interesting alternative, espscidlla violation is observed by
MICROSCOPE or other experiments.

* Despite the strong interest in testing gravity lalemgth scales, the Advisory Team
thinks that fundamental physics alone does notigeoa broad enough scientific
motivation to justify a dedicated fundamental phgsL-mission in the outer solar
system, but that such a mission needs to be cowhbivith substantial planetary
science objectives.

*  When combined with a planetary mission the fundaaigphysics instruments are
likely to impose stringent constraints and neetigéancluded in the mission design at
an early stage. The Advisory Team recommends tigaginainely mixed fundamental
physics and planetary mission be considered.

* The rich activity in the field of space detectionhigh energy particles, especially in
connection with the identification of dark mattgrstifies a need for a new generation
of space experiments. The exact mission conceptb@ilmore clear in a few years
when all missions presently designed will have Haanched.

Because experimental developments on the Intemadtigpace Station are important to the
field of fundamental physics, we make the follownegommendations:
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The Advisory Team supports the continuation of degelopment of the ISS mission
“SOC” with lattice optical clocks, that aims at inping the Earth gravitational
redshift measurement, Local Position Invariance, &@sd ground clock comparison
accuracy by one order compared to ACES. The teoggalevelopments required for
this mission and for a M3 clock mission will havgrsficant overlap.

The strong technology development program on atonterferometry sensors,
presently undertaken in drop towers, parabolittBgsounding rockets and in the ISS
should be vigorously pursued. These sensors habe tiested during the extended
free fall, where they approach the targeted seiitgitiThe outcome of tests on the
Space Station or an other adequate platform argidened as milestones for missions
beyond 2020 targeting tests of the principle ofieajence better than 1 part in'10
From this point of view, the Advisory Team suppdtie continuation of the “Space
Atom Interferometer” (SAI) project.

The Advisory Team supports the active participatbbthe European community in
ultra-high energy cosmic rays in the Japanese amsHEM-EUSO on the Japanese
module of the ISS. This is an excellent opportutotyest the possibility of detecting
such cosmic rays from space. If successful, thigldvopen the road to an even higher
statistics of cosmic rays of the highest energy.

As far as short-term technology developments anee@med:

A strong technology program should be continuearder to bring the LISA mission
closer to its completion.

The required technology development (clock and)limcessary for the M3 mission
proposed above should be implemented in an effici@mner, building on existing
know-how in European research labs and industrgaiticular on the ACES heritage.
We recommend concentrating on the most promisind) r@alistic clock and first
developing space versions of the already well éistaddl optics and laser components
and subsystems, followed by the atomics packagdhenftequency comb. In parallel,
the appropriate space-to-ground link technologykhbe developed.

We recommend advancing the technology of inerBaksers with a high bias stability
at the lowest Fourier frequencies and a sensitivégter than 16" m/s/vVHz (atom
interferometry sensors or other) because of théh higerest for many space
applications such as planetary gravitational oketesms , gravity in our solar system
as well as for deep space navigatidherefore, the required developments to advance
this technology should be supported.

Regarding the organization of the community, we enthle following recommendations:

Fundamental physics often requires a very speigifibnical expertise which cannot

be acquired in a few years. Space requires ontttex band the development of

competence in quality assurance, integration astthte From this point of view,

close cooperation and interchange between resesstitutes, space agencies, and

space industries becomes of key importance forle@ateng the necessary transfer of

know-how, vital for any successful space projetiparticular,

- Space agencies and industries need to acquire koawnin cutting edge

research, technology, and measurement methoddbaged on the expertise of
scientific institutes across Europe. This incluttesunderstanding of the
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physical processes at the basis of precision measants and precision
instruments.

- Research institutes need to develop expertiseaoesmissions and space
technologies. This includes a profound understandfrall the challenges and
the limitations that a space project brings along.

Given the technological challenges of the fieldusfdamental physics, it is important
that, very early in the projects, industry and &eait labs be closely associated.

* The Advisory Team recognises the close links wittepscience fields, in particular
astrophysics and solar system science and reconmaetide exchange of ideas and
collaboration in the proposal stage of new (spacejects.

Appendix:The community and its organization

This section will rely on the questionnaire sentht® community to identify its size and the
type of participation. It will be included in thm&l version of the roadmap document, once
all answers have been received and analyzed.

List of acronyms

ACES: Atomic Clock Ensemble in Space

AMS: Alpha Magnetic Spectrometer

ATV: Automated Transfer Vehicle

CHAMP: CHAllenging Minisatellite Payload

CTA: Cherenkov Telescope Array

ELIPS: European program for Life and Physical sogsnand applications utilising the
International Space Station

ELT: Extremely Large Telescope

ET: Einstein Telescope

FPR-AT: Fundamental Physics Roadmap Advisory Team
GAIA: Global Astrometric Interferometer for Astrogics
GAP: Gravity Advanced Package

GLONASS: GLObal'naya NAvigatsionnaya Sputnikovaystena
GOCE: Gravity and Ocean Circulation Explorer

GPS: Global Positioning System

GRACE: Gravity Recovery And Climate Experiment
GRB: Gamma Ray Burst

GSTP: General Support Technology Program

HESS: High Energy Stereoscopic System

HYPER: Hyper-Precision Cold Atom InterferometrySpace
IXO: International X-ray Observatory

LHC: Large Hadron Collider

LISA: Laser Interferometer Space Antenna

LLI: Local Lorentz Invariance

LLR: Lunar Laser Ranging

45



LPI: Local Position Invariance

MWL: MicroWave Link

PPN: Parametrized Post-Newtonian (formalism)
SiPM: Silicon PhotoMultiplier

SAIl: Space Atom Interferometers

SKA: Square Kilometer Array

SOC: Space Optical Clocks

SYRTE: SYstémes de Référence Temps-Espace
TIPO: Télémétrie Inter Planétaire Optique

TRL: Technology Readiness Level

T2L2: Time Transfer by Laser Link

T2M: Téelémétrie laser a 2 Modes

UFF: Universality of Free Fall

UHECR: Ultra-High Energy Cosmic Rays

VLBI: Very Long Baseline Interferometry

WEP: Weak Equivalence Principle

wimp: weakly interacting massive patrticle
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