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Motivation I 

 Unified description of Gravity and Quantum Field Theory not achieved 
 Nature of Dark Matter (DM): unknown 
 Dark Energy – Cosmological constant: what is its nature? 

 
 
 

 Models of unification and models of Dark Energy generally involve scalar 
fields that 
  - couple to gravity 
 - couple in different ways to different ordinary matter types and DM 

 Fundamental constants are expectation values of scalar fields 
 Such character can lead to time- and space-varying fundamental constants 
 Recent detection of first fundamental scalar field (Englert-Brout-Higgs field) 

 

Violation of EEP is a general consequence 
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Motivation II 
Test the Einstein Equivalence Principle 
− Weak EP (WEP): „In a gravitational field, pointlike particles move on 

trajectories defined by initial velocity, independent of their composition“ 
− Local Position Invariance (LPI): „The outcome of nongravitational 

experiments are independent of where and when they are performed“ 
(→ Clocks measure proper time independent of their composition; fundamental 
constants do not vary) 

− Local Lorentz Invariance (LLI): „In freely falling frames, Lorentz Invariance 
holds“ 
 

 Past experimental confirmations of EEP have already strongly constrained 
theoretical proposals 

→  Discovery of EEP violation would be a momentous event 
→  STE-QUEST tests will be performed in the quantum regime 
Quantum gravitational effects are few but of eminent importance: 

(Primordial quantum fluctuations and inflation; 
Far future of universe: quantum evaporation of black holes)… 
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Local Lorentz Invariance 
Local Position Invariance 

Weak Equivalence Principle 

Theory of 
gravitation 

Theory of 
electromagne- 
tic interaction 

Theory of 
weak  

interaction 
Theory of 

strong interaction 

Standard Model 

Lorentz Invariance 
CPT - Symmetry 

exactly valid? 

Unified theories 
string theory, quantum loop gravity ,... 

? ? 

Motivation III 
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 Direct tests of GR predictions 
(pulsar binaries, ….) 

 Antimatter – matter gravitational 
attraction (anti-hydrogen) 

 LI tests (terrestrial experiments, 
      astrophysical observations) 

 CPT tests 
 EDM searches 

Motivation III 



STE-QUEST … 

 …searches for hints of non-standard physics in the gravitational 
    sector (violations of metric gravitational theories) 
 

 …explores the foundations of the space-time description: 
- How does the presence of matter modify proper time? 
- How does gravity act on matter? 

 
 …uses quantum probes 

 
 …will push the accuracy of knowledge of fundamental laws further   

    by several orders of magnitude in precision 
 

 …may discover deviations from established laws of physics 
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satellite 

aA 

aB 
asatellite 

 aA = aB ? 
 

I. Test of the Weak Equivalence Principle: 
Is the gravitational acceleration universal? 

• Test performed with single atoms, in free-
fall (two bosonic isotopes of rubidium:  
85Rb and 87Rb) 

• Objective: determine  2(aA-aB)/(aA+aB) 
  with uncertainty 2 x 10-15 

• Advantage of space experiment: 
long free-fall time → sensitivity increase, 
       reduction in systematics 

as 
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Complementarity to other experiments 

 WEP test with terrestrial experiments 
- Macroscopic masses, without/with spin (10-13) 
- Cold atoms in free fall (Rb-Rb 10-7, 

Cs/Rb-macro: 10-8) 
 

 WEP test in space: 
(mission MICROSCOPE) 
Titanium/Platinum test masses, 
10-15 level, 
nuclear composition different from 
STE-QUEST 

 
 Strong EP test (incl. self-gravity) 

in space:  
- Lunar laser ranging of moon 
(in solar grav. field) 
- Pulsar timing Will (2006) 
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? 

II. Measurement of time dilation in gravitational field 

Is this universal, i.e. independent of 
 - the composition of the massive body? 
 - the type of clock? 

STE-QUEST objective:  
 Test at the 2 x 10-6 level in the Sun‘s gravitational field 
 Test at the 4 x 10-4 level in the Moon‘s gravitational field 

Proper time: 
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To sun 

Time dilation measurement in Sun field 

     Equal clock frequencies 

Unequal 
clock 

frequencies 

 Ground-to-satellite links allow terrestrial clock 
comparisons in common-view 

 Solar clock redshift: daily amplitude of 4 x 10-13 

 Compensated by Doppler shift due to Earth motion 
if U(r) = GMSun/r 

 Since Doppler shift effect is precisely known, one 
can extract the time dilation effect 

 Measurement sensitivity 2 x 10-6 after 4 years 
integration time 

 Measurement does not require a satellite clock 

Advantage of space experiment: 
 clocks separated by maximum distance can be compared 
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Interpretation of time dilation test results 
Search for existence of additional scalar fields φ emanating from 
 constituents of Sun (protons) and Moon (protons, neutrons) 
• Model:          φi,j(r) ∼ Si,j /r 
  where Sij may depend on  -  the particle species contained in source body i; 
         -  the clock type j 
• STE-QUEST will compare different clock types: atomic, hyperfine, … 
• STE-QUEST will set limits to SSUN,j  , SMOON,j 

 Test in the Sun field 
- Redshift of atomic lines (1991); quartz oscillator on GALILEO (1993): 2% 
- Clock-type independence well-tested using co-located Earth clocks (2012) 

 Test in the Moon field:  none so far 
 Test in the Earth field: 

- Gravity-Probe A (1976; 7 x 10-5); ACES (ISS, 2016; 2 x 10-6) → limits to SEARTH 
 Time dilation tests and WEP tests are related, but relationship is 

model-dependent → both important 
 

Complementarity 
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single 
rubidium 

atom 

Instrument I: Atom interferometer 

 Single-atom matter wave 
 an atom interferes with itself; 

interference depends on acceleration 

→ „The largest atoms in the universe“: 12 cm 
   
→ de Broglie wavelength ≈ 1021 times larger 
     than for macroscopic test masses 

a 
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Instrument II:  Atomic clocks and link 

 STE-QUEST will make use of terrestrial atomic clocks having fractional 
instability and inaccuray of 1 x 10-18 in 2024 

Poli et al. (2013) 

 Instability level 2 x 10-18 has already been demonstrated (NIST, 2013)     

Atom 

Hume et al. (2012) 
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Secondary goals 

 Set limits to orientation-dependent and velocity-dependent 
(i.e. LI-violating) contributions to the time dilation 

 By tracking of STE-QUEST satellite on its highly elliptical orbit 
→ contribution to reference frame accuracy improvements and 
              alignment between frames (terrestrial, celestial) 
→ more precise data on Earth gravity field 
→ improvement of GNSS orbit accuracies 
→ contribution to Earth movement measurement 

 By comparison of atomic, molecular and nuclear clocks world-wide: 
→ Contribution to tests of time-independence of fund. constants, 
→ Contribution to establishing a new definition of the Second 
→ Contribution to dissemination of atomic time worldwide 

 By comparison of mobile terrestrial clocks with reference 
clocks: 
→ Contribution to geodesy, geophysics and climate studies 
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Summary 
 
 Science objectives:   
 Test the metric nature of the theory of gravitation, 

search for physics beyond the Standard Model & General Relativity 
- Test the Weak Equivalence Principle with matter waves,  

accuracy : 2 x 10-15  (x 106 improvement) 

- Test time dilation in  the solar and the lunar gravitational potential, 
accuracy: 2 x 10-6,    4 x 10-4, resp.  
  (x 104,  x 103 improvement, resp.) 
 
 
 
 
 

 Application to other fields: 
- Contribution to tests of time-variation of fundamental constants 
- Contribution to improved reference frame definitions 
- Distribution of time world-wide 
- Mapping of the gravitational potential of the Earth with high spatial resolution  

 Potential for enhancement of science objectives: 
- Phase-coherence of microwave link between orbits 
- Optional laser link 
- Optional on-board clock 
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 Sun and Moon gravitational redshift tests 
 Lorentz invariance tests 
 Search for variations of fundamental constants 
 Time and frequency metrology 
 Clock-based relativistic geodesy 
 Reference frames 

STE-QUEST 

Time and frequency comparisons 
mission segment 
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Mission scenario 

~51000 km 

Clock comparisons: 
Spacecraft is  
Nadir- pointing 

Transition: 
(no instrument ops) 

WEP 
tests: 
Inertial 
pointing 

~3000 km 
~7000 km 

Transition: 
(no instrument ops) 

Microwave T&F link 

~600-2200 km 
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Boulder Tokyo Turin 

Mission scenario 
 orbit inclination 63°, period 16 h 
 ground track is “frozen”, repeats every 3 orbits / 2 days 
 successive pairwise common-view comparisons of 11-12 h duration 

between the 3 baseline ground terminal positions 
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Microwave link 

Operation: 
 Composed of flight segment and ground terminal(s) 
 Measures the time difference between a ground clock and spacecraft 

time, generated from an on-board oscillator. 
 Two or more simultaneous ground–space comparisons can be 

combined to obtain ground clock – ground clock comparisons 
(spacecraft time cancels out). 

 Time difference -> frequency comparison 
 
Requirements:  
 4 channels for simultaneous ground-space comparisons 
 ground-ground time comparisons: error < 50 ps (calibration) 
 ground-ground frequency comparisons: link noise < 1 x 10-18 (relative) 

after 2.5 days 
 phase conserved across dead time between observations 
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Frequency stability requirements 

τ 
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Microwave link design 
Industrial study under ESA contract 
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Microwave link ground terminal 

Based on ACES ground terminal concept with upgrades. 
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Science ground segment 
PI-provided 
 
Baseline requirements: 
 3 ground stations (Turin, Tokyo, Boulder) 

- host the microwave link ground terminals 
- appropriately positioned around the world 

 high-performance ground clocks 
- located at or connected to ground stations 
- frequency error < 1 x 10-18 

- frequency noise < 2.5 x 10-16 / τ1/2 (up to 3 days) 
 2 data processing centres 
 science data analysis centres (User segment) 

 
Strong similarities to the ACES ground segment and International 
Working Group, which we build on. 
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Frequency stability requirements 

τ 
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Examples of current ground optical clocks 

NIST Yb lattice clock 
stability 3.2 x 10-16/τ1/2 

PTB Sr lattice clock 
stability 3.0 x 10-16/τ1/2 

STE-QUEST: 2.5 x 10-16/τ1/2 
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Science ground segment 
Baseline configuration: 

 

 experienced ground stations (2 ACES sites) 
 co-located clocks + access to others via regional fibre links 
 data processing centres re-use ACES experience 
 backup institutes identified for all functions 
 optional additional sites/clocks for added science value 
 18 further groups/institutes for science analysis 
 38 groups/institutes in all 
 MOC, SOC: moderate data volume, non-critical scheduling S
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Science performances 
Ground-ground clock comparisons: 
 time comparison accuracy < 50 ps 
 typical link frequency noise of 4 x 10-18 after one comparison (~ 200 x 

better than current methods) 
 link frequency noise falls below 1 x 10-18 after 3 days in nominal operation 
 -> timescales, definition second, variations fund. constants 
 
Gravitational redshift and geopotential measurements: 
 extract time-varying (periodic) and constant terms from ground-clock 

frequency comparison series (MC modeling) 
 Sun redshift relative uncertainty 6 x 10-5 after 2 days 
 Moon redshift relative uncertainty ~ 170 x Sun 
 geopotential uncertainty equivalent ~ 20 - 60 cm height after 1 comparison 
 uncertainties average down to the science objective values over the 

mission lifetime, probably better. 
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Frequency stability requirements 

τ 
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Optional instruments 
Optical link: 
 based on an existing laser communications link with the addition of a 

time and frequency module 
 independent of microwave link 
 much lower noise – more rapid and flexible comparisons 
 requires good weather conditions 
 factor of 4 improvement on science goals 
 

TESAT 
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Optional instruments 
Space cold caesium clock: 
 copy of PHARAO cold Cs clock for ACES (2016) 
 addition of an ultrastable oscillator based on a cavity-stabilized laser + 

femtosecond laser comb 
 performances specification = PHARAO ultimate goal 

- frequency error < 1 x 10-16 

- frequency noise < 8 x 10-14 / τ1/2 (to 8 days) 
 enables Earth gravitational redshift measurement at 2 x 10-7 

HHUD/PTB MenloSystems 
SODERN 

PHARAO Optical Bench Ultra-stable cavity Femtosecond laser comb 
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Summary 
 
 Science objectives:   
 Test the metric nature of the theory of gravitation, 

search for physics beyond the Standard Model & General Relativity 
- Test the Weak Equivalence Principle with matter waves,  

accuracy : 2 x 10-15  (x 106 improvement) 

- Test time dilation in  the solar and the lunar gravitational potential, 
accuracy: 2 x 10-6,    4 x 10-4, resp.  
  (x 104,  x 103 improvement, resp.) 
 
 
 
 
 

 Application to other fields: 
- Contribution to tests of time-variation of fundamental constants 
- Contribution to improved reference frame definitions 
- Distribution of time world-wide 
- Mapping of the gravitational potential of the Earth with high spatial resolution  

 Potential for enhancement of science objectives: 
- Phase-coherence of microwave link between orbits 
- Optional laser link 
- Optional on-board clock S

ch
ille

r, 
Tu

ck
ey

, R
as

el
, T

he
 S

TE
-Q

U
E

S
T 

M
is

si
on

, C
os

m
ic

 V
is

io
n 

M
3 

S
el

ec
tio

n,
 P

ar
is

, 2
1.

 1
. 2

01
4 



Photos and diagrams are contributed by members of the consortia and working groups (see 
Yellow Book) or from people/companies as indicated on the slides. Additionally: 
 
- MWL ground terminal (ESA Contract No: 4000102471/10/D/SR; TimeTech (D), Astrium (D) et 
al.) 
 
- Yb clock: Burrus/NIST“ (http://www.nist.gov/pml/div688/clock-082213.cfm; 
   N. Hinkley, et al. Science Express, Aug. 22, 2013) 
 
- Sr lattice clock: U. Sterr, C. Lisdat, PTB 
 
- Frequency comb flight model: MenloSystems GmbH (D)/DLR project FOKUS 

 
Other figures: 
http://en.wikipedia.org/wiki/Spacetime 
http://www.ws5.com/spacetime/162571main_GPB_circling_earth3_516.jpg 
http://www.fromquarkstoquasars.com/wp-content/uploads/2014/01/vortex1_crop.jpg 

 
  

Image credits 
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