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Motivation

/ﬁ]eoretical Background

=7 Standard Model of Quantum Physics
7 Special Relativity

7 General Relativity

=7 Statistical Physics

But: _ \
K_, Incompatibility of Quantum Theory and Experimental proofs

Gravitation 7 Experimental confirmation of the Standard
Model makes quantization of space and
time a likely approach

7 Gravitational theory well confirmed by
experiments and observations

Precision Cosmology (COBE, W-MAP,
etc.) prn— j

N
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Experimental confirmation of GR

/ Tests

Predictions:

Solar System Effects

« Perihelion shift

e Gravitational Redshift

e Light deflection
e Time delay

» Gravitomagnetic effects

Strong field observations

* Binary systems
= Black holes

Gravitational waves

Cosmology
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ﬂerihelion shift

astronomical

%(a+y)-%p-1<10"

observations
Very Long
light deflection Baseline y—1<10"
——
time delay Cassini S/C y-1<2-10°
gravitational : 4
edshif Gravity Probe A la—1<1.4-10
Lense-Thirring ,
- LAGEOS satellites <01

Qchiff effect

Gravity Probe B
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Space Tests for GR

Satellite experiments determining

the Eddington Parameters

0.997
0.997 0.998 0.999 1.000 1.001 1.002
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Shapiro Time ela

/Einstein—lnfeld—Hoffmann Equation A
= Numerical models based on an isotropic PPN - n-body metric
» Planets and asteroids considered to be point masses
» Accelerations calculated wrt the barycentre of the solar system. y,
k _ z ij (FJ _’7;)
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> Time delay in space time curved by sun and earth
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¢ c r, +r1° =1, —r, ‘+(1+y)GmS/c ¢ I, +r1, =5 -7,
\ /7 TN\ /
Cassini Conjunction Experiment (Bertotti et al. 2002): )
= Satellite — Earth distance: > 10° km
= Ranging: X~7.14GHz & Ka~34.1GHz (dual band)
= Resultt 7y =1+(21+£2.3)x107°
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Gravitational redshift

=Gravity Probe A experiment (Vessot et al., 19%
ballistic rocket flight

=Confirmation of the Universaliy of the
Gravitational Redshift:

All clocks run the same and experience the same
frequency shift in gravitational fields— independent
of their physical characteristics

=GP-A: comparison of H-masers on earth and in a
capsule on a ballistic flight path

Qccuracy ) E%) <107 /

/ GPA* EXPERIMENT PACKAGE \

IIIIIII
OOOOOOO

k{z3)
uz(Ta)

k(zy) k — wave vector

U (1) u — 4-velocity of observer

.

&

C. Ldmmerzahl

observar 1  observer 2

“hv % HYDROGEN MASER

B()(_ut)

ENEN ZU(XZ )j

C

e
SCOUT IV STAGE

\* GRAVITATIONAL PROBE A-REDSHIFT
# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV




/R
Laser pulse width: 150 — 300 ps
Pulse frequency: 10 Hz

llluminated area on moon surface: 20 km?
\1 of 10'° photons observed (1 photonper 10 pulses)

esolution: ca. 2cm (< 1 cm)

DUrham, 16.7.2009 8

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,




(Earth and moon are of different chemical composition\
and freely falling in the sun”s gravitational field. This
enables to perform tests of the Weak Equivalence
Principle by ranging between earth and moon.

'
_ m total rEM

QD

Nordtvedt parameter

(S /
_ Gm
)|, <1077 for ;=%
Vs
- y )
Dependent on the validity of the Strong
Equivalence Principle:
Does self-gravitation 2 contributes the
\same to inertial and gravitational mass?
\
_j _(Ej JerES +(mpassive j m [rLS_ rMSJ
3 St .3 3
E m)y ) Tgs m i, Fes  Tus
10 2 2 1 s
n <4B—y-3—-—C¢—o, +=—a, ——(, —=C, <10
3 R R

)
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Gravity Probe B
ﬁrecise measurement of gyro prececcions due to space-time curvature of the rotating \
earth.
=Geodetic Precession: 6,6 arcsec per year

=Lense-Thirring precession (frame dragging, Schiff effect):
0,042 arcsec pro Jahr fur die Lense-Thirring-Prazession

=Experiment already proposed 1959 (!) (G. Pugh)

@arried out: April 2004 to Au(™ ) /
. - E=Q><S:(—1\7><§+§\7><VU—I—V><h xS
i - L dt 2 2 J
Geodetic Effect (200
6,614.4 milliarcseconds/yr '
(0.00183 degrees/yr)

Guide Star
IM Pegasi |

40.9 milliarcseconds/yr
(0.0000114 degrees/yr)
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Precise gyroscopes

Kldeally round spheres made from \

fused silica, Nb-coated for
supercondcutivity:
bearing:

= Accuracy:
10**° /h-1

deviation from sphericity max. 5 nm
e Electrostatic levitation, frictionless

spin-rate change: 1 % in 1000 years

(1 revolution in 11,5 billion years)

ELECTRONICS

TO SOUID\

| s e

Yy
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Precision-thruster for satellites

Control

Accelerator

Disturbance

Residual acceleration: ca. 107'* m / s2

Thrust-increment resolution: ca. 0.1 uN
Specific impuls: > 10,000 s

Neutralizer
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WEP tests on satellites

{dr —/rﬂ?E ~10" 12m

()

£ I /For weak mechanical coupling both \
Orbit radius difference too test masses as well as the satellite
small for direct measurment form a spring-mass system, which

amplitude varies periodically with
orbit frequency. Can be measured

0 - \Wwith high precision.. J
# Deutsches Zentrum _
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MICROSCOPE

p

Missions parameter:
= Sunsynchronous orbit: 660 km
= Orbit exzentricity: <5 - 103

= Spin rate: varying for modulation of
the orbit-frequency

= Signal frequenz:
(r +1/2) f,,, und (m +3/2) f,,,

= Missions duration: 6 to 12 months

Micro-satellite
a Trainee Componsée pour \ __

|"Observation du Principe
d"Equivalence

watellite mass: < 120 kg /

i DLR

Deutsches Zentrum
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X-axis: sensitive axis
z-axis: satellite spin axi

microscope-(c) CNES 2003, ill. D, Ducros

U)

ONERA
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Clocks in s

pacé: ACES /

/PHARAO most precise clock in space \

Allan-Variance: 1016

ACES enables Phase and Frequency
comparison between a Cs-atomic clock

and earth bound clocks:

0.3 ps during ISS pass (~5min.)

7 ps during 1 day

> 23 ps during 10 days

in GNSS Orbig<

Longitudinal Doppler effect

102 s per day

Transversal Doppler effekt

10-° s per day

Sagnac effekt

3-10-7 s per orbit

1st ord. Gravitational redshift

8:10-°s per day

2nd ord. Gravitational redshift

10-3 s per day

Gravitational time delay

PHARAQO

4-10"s

Qavitomagentic clock effect

107 s per orbit/

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV

<

A

~

Resolution of the time-link:
common view: 1 ps
nON-CoOmMmon View:

3 ps for At < 1,000 s
10 ps for At < 10,000 s -




Time transfer (MWL)

Power Tx: 4 W
Carrier: 135 GHz
PN-Code: 100 MChip/s
Data: 1 kBit/s
Lock Status
Date & Time
1 time marker/s

S/C: 4 Receiver Channels

Ku-Band, Down-link

S-Band. Down-link

Power Tx: 0.56W
Carrier: 156 GHz
PN-Code: 100 MChip/s
Data: 2 kBit/s
Date & Time
2-way Time Synch
1 time marker/s

Power Tx: 0.5'W

Carrier:  2.25 GHz (tbd)
PN-Code: 1 MChip/s
Data: 2 kBit/s
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Optical links for tracking

Echo transponder
Time delay must be
known.

Asynchronous transponder fur
satellite laser ranging
Repetition rate must be
known.
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LISA: gravitational waves obs.

?Cluster of 3 S/Cin heliocentric\
orbits at 1 AU

7 S/C form an equilateral triangle
with
5 mio km arm length

7 Earth trailing orbit:20 ° behind the
Earth

7 Leaned 60° with respect to the
ecliptic

=7 S/C contain laser and inertial test
masses

7 System forms a Michelson
Interferometer

7 Designed for galactic and

Kcosmological sources /

# Deutsches Zentrum
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Unexplained phenomena within GR

/Cosmological phenomena \
Dark Energy (Turner 1999):
to describe the accelerated expansion of the universe seen from supernovae
observations and CMB anisotropy measurements
Dark Matter (Zwicky 1933):
to describe galactic rotation curves, gravitational lensing effects and early
structure formation in cosmological models /

# Deutsches Zentrum
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Unexplaine phenoen within GR

/ Cosmological phenomena \
Dark Energy (Turner 1999):
to describe the accelerated expansion of the universe seen from supernovae
observations and CMB anisotropy measurements
Dark Matter (Zwicky 1933):
to describe galactic rotation curves, gravitational lensing effects and early
\_ structure formation in cosmological models %

/ Astronomical observations \
Increase of the Astronomical Unit (Pitjeva 2005, Krasinski 2005):
length scale related to the earth-sun distance increases
by 7 £ 1 m per 100 years (confirmed by astronomical observations);
solar mass loss only explains ca. 1 m per century
Quadrupole/Octopole Anomaly (Tegmark et al. 2005, Schwarz et al. 2005):
K Quadrupole and octopole of CMB are correlated with solar system ecliptic /

# Deutsches Zentrum
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Increase of the Astronomical Unit
/ Observations \

Krasinsky and Blumberg (2005): 15 4 m / 100 a

Pitjeva (in Standish (2005)): 7=1 m / 100 a

/

/ Remarks and questions \

= dG/dt = O exluded by Lunar Laser Ranging

= Mass loss of Sun causes only 1 m / 100 a

= Influence by cosmic expansion many orders of magnitude
too small

= Increase of solar wind plasma on long time scales ?

= Drift of clockst > t + a t2 with a #3 - 1020 51 ?

\ )
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Hadranalelactanale-anamaly

N

Observations \

= Anomalous behaviour of low ¢ contributions to CMB quadupole and octopole
aligned to > 99.87 %

= Quadrupole and octopole aligned to ecliptic to > 99 %
= No correlation with the galactic plane

7

(Oliveira et al (2004), Schwarz et al (2005)) \/

Remarks and questions

= Influence of solar system on CMB
observations ?

Systematics ?




Unexplainephehnithin GR

-

Cosmological phenomena
Dark Energy (Turner 1999):
to describe the accelerated expansion of the universe seen from supernovae
observations and CMB anisotropy measurements
Dark Matter (Zwicky 1933):
to describe galactic rotation curves, gravitational lensing effects and early
structure formation in cosmological models

~

<
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Astronomical observations
Increase of the Astronomical Unit (Pitjeva 2005, Krasinski 2005):
length scale related to the earth-sun distance increases
by 7 £ 1 m per 100 years (confirmed by astronomical observations);
solar mass loss only explains ca. 1 m per century
Quadrupole/Octopole Anomaly (Tegmark et al. 2005, Schwarz et al. 2005):
Quadrupole and octopole of CMB are correlated with solar system ecliptic

e

Satellite tracking effects

Pioneer Anomaly (Anderson et al. 1998,2002/04)

Fly-by Anomalies (Antresian and Guinn 1998, Anderson and Williams 2001,
Morley 2005, Campbell 2006, Anderson et al., 2008)

GRACE-Anomaly (Bertiger et al 2003)

-

J

DUrham, 16.7.2009 23



Doppler Velocity (mmisec)
(=)

!
500 1000 1500 2000
Days from 1 Jan 1987 09:00:00

2500

3000

Deutsches Zentrum
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» Acceleration has been observed as \
constant for more than 16 years

= Temporal and spatial variantions < 3%

= Analyzed in detail with data from 1987 to
1998 for distances between 20 and 70
AU by JPL

= Effect observed when satellites had set
from elliptic (bound) to hyperbolic
(escape) orbits

= No indication about range in space /

= Doppler tracking of the Pioneer 10 ancm
11 satellites showed a blue- shifted,
anomalous frequency shift

f,=(5.99£0.01)-10° Hz /s

= Drift can be interpreted as an
acceleration directed toward the sun of

a,=(8.74+£1.33)-10"" m/s’

K(Anderson et al. 1998, 2002) /

DUrham, 16.7.2009 24




Surprising coincidence of PA acceleration and cosmic expansion rate

a,~cH
Extremely constant acceleration in space and time
Cancels out nearly all systematics

Largest size experiment ever carried out
Failed to proof Newton’s 1/r?-law on large distances

Not the only anomaly observed in our solar system

Doppler Tracking in the expanding Universe
Observer at rest in cosmic substrate
S/C moves on geodesics and is slowed down
Cosmic redshift of frequency

Resulting Doppler effect (velocity of points of constant
distance wrt cosmic substrate

Red shift and Doppler cancel
Only the satellite” s slow down ist left over.

’,’ =/ Deutsches Zentrum
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1
Pioneer 10 and 11 satellites

Slava Turyshev, JPL.
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The orbits of

-

‘g)' Pioneer 10

| 7
92 ‘90

Jupiter

Mars

Uranus

Neptun e\‘\‘

Pluto ™

Viewed down from
north ecliptic pole

Voyager 2

‘88 I~
‘8B4
o ]9
'/ Pioneer 11

Voyager 1

= Elliptic (bound) orbits befor the last fly-by

# _ ® Hyperbolic (escape) orbits after the last fly-by
DLR fu.



Observed Aomlos Dpler Drift

/ frequency received at S/C: fr_ 1 12/ : 1_% f \ / cender S \
N1-vlc .
frequency sent back and 1 v O -O :
received on earth: f"= 1—— |- f' f '
(neglecting the transponder shift) 11— v?/c? C
f" lc v ®o-——---—--; o—
V f
1+v/c ©
% T ' ’ L Vobserved B Vmodelled = _Zapt

-300 - 1+

—A00 | | | | | ‘ | | | | L
0 500 1000 1500 2000 2500 3000

Days from 1 Jan 1387 09:00:00

Anderson et al /

Deutsches Zentrum
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The two-way Doppler residuals for
Pioneer 10 vs time

[1 Hz is equal to 65 mm/s range

change per second].

\_

\

)
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Error budget of external effects

: bias uncertainty
error budget constituents [10-10m/s2 [10-10 m/s2]
sources of external systematics
solar radiation pressure + 0.001

— sol. rad. press. from mass uncertainties +0.03 +0.01
solar wind + 0.00001
solar corona effects +0.02
Lorentz force (em-effects) + 0.0001
Kuiper belt’s gravity +0.03
earth rotation + 0.001
mechanical / phase stability of DSN antenna +0.001
clock effects on phase stability + 0.001
DSN station location + 0.00001
tropospheric and ionospheric effects + 0.001
computational systematics
numerical stability of least-square estimation +0.02
accuracy of consistency / model tests +0.13

— mismodelling of manoeuvers +0.01

— mismodelling of solar corona +0.02

+0.32

annual / diurnal terms
# Deutsches Zentrum
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Sources of internal systematic error

/error budget constituents bias uncertainm
[10-10 m/s?] [10-10 m/s?]

rlr o SEPARATION
radio beam reaction force +1.10 +0.11 T TR
b e
thermal and propulsion effects from RTGs RATN [ i (Ert i
— RTG heat reflected off the S/C -0.55 + 0.55 L g
— differential emissivity of the RTGs + 0.85 ' ,/./ ety
— non-isotropic radiative cooling of S/C +0.16 /BT 08

¢ ULTRAVIOLEY
— expelled He produced within the RTGs +0.15 +0.16 _ s e
= .
mass expulsion / gas leakage + 0.56 ] Ve

Kvariation between S/C determinations +0.17 +0.17 / 5?

. ETA

e wiF 2
N S
\"_‘_':CG SPACEC
E S mecope
cond. cond cond. Bt
IBREERERRERE o,
PN PN PN _ | pfarizon

+ - + - + - o

Thermal sink (radiator)

AV=S AT

S - Seebeck coefficient

Deutsches Zentrum
fir Luft- und Raumfahrt eV

i DLR

; Schéffer B

SNAP 19/PIONEER RADICI: JTOPE THIRMOELECTRIC GENERATOR

Radioisotope Thermoelectrical
Generator (SNAP-19)

r

Half-life time: 87.74 years

ca. 2000 W
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Thermal history

= Symmetry breaking through high-gain antenna (& 2,3 m)

= 60 W asymmetric IR-radiation (out of initial 2000 W) could explain the anomaly

= Spin rate change of both satellites shows, that thermal models are consistent.

! Models include surface degradation effects (also worst-case scenarios)

19%=% \
—r 4

I TTITTITT I T P T T T 171

Pianear 10 ATG Sys

b,

~32.8% redqction

— ¥

4000
Days rom Launch

6000 7000 8000 Ny

Deutsches Zentrum
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""" ®© 2001
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Unexpected masses in the solar system

a[108 m/s?]

Y

80 100 120 140

d[AU]

A

ring with mass density
up) ~ 1/p
needs ca. 40 Earth masses

Deutsches Zentrum
fir Luft- und Raumfahrt eV

Acceleration vs.

distance for different

mass density
distribution

_(Nieto, 2005)
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Drag through dust

/ Interplanetary Medium \

7 is a thinly scattered matter (neutral Hydrogen, microscopic particles)
with two main contributions, IPD and ISD:

7 Interplanetary Dust (IPD), modelled Pro <10 = g/cm °

7 |Interstellar Dust (ISD), measured on Ulysses S/@;gp < 107 g/cm :

\
<

W

Drag on a spacecraft

adrag = = S

VAN

/
The Pioneer Anomaly (between 20 and 70 AU) could only be

explained with an axially-symmetric dust distribution with a
constant uniform density of

p(r)< p, =3-107° glem® = 300.000(p,0, + i)

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV, :




Yukawa modification

(" Ansatz V(r)= G@(ﬂa-e”*)
with Taylor extension and

G, = (1 + 0)G as observed grav. constant for r—eo
Sun

M o M o M. r
-G G G -
alr) ¥ U lra P22 l+a Y32 A

Sun_ Sun

mogm(/l) >16 forlogqg|a =1 compatitb

with present experimental results in the
solar system (including planetary orbits)
= A viable model?

= Pioneer Anomaly:
|Og10 (A)>16,G+1S10'5 k

Standard Newtonian case

= Galaxy rotation curves

0g10 (A) > 16, a + 1 < 10° /

# Deutsches Zentrum
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(2) Fly-by Anomaly

1st time measured Dec. 1990 /

during GALILIEO’s 1st gravity O

assist manouever at Earth: I

% 0.104 Closest approach - ‘

unexplained 2-way S-band S Toosp- — : . i ‘ﬁ :
Doppler shift of 66 mHz which T oo soniimst e — R 2
could be interpreted as 53,0 =
anomalous velocity increase of 5 ! :

3.93 £ 0.08 mm/s gl .. C

orw-:-' iyl |
Antreasian & Guinn 1998, -0.02 7.12‘19|90, 12h 8.12. 'IT'i'me [lUTC] 9.12;1920, 12h 10.12.1990,
Anderson & Williams 38861; , / /
S

Skl CIE BIT ETLJ0Q ®

2-way Doppler
‘. EI S-band residuals

range residuals

N
HLGAL CEQ T

'##.-'.lr-""—'_
1
:I



Earth Fly-bys analyzed so far

(131:3?&/) NEAR Cassini Rosetta Messenger
vV, [km/s] 8.949 6.851 16.01 3.863 4.056
Ve [km/s] 13.738 12.739 19.03 10.517 10.389
h [km] 956 532 1,172 1,954 2,336
& 2.47 1.81 5.86 1.31 1.13
O [°] 47.67 66.92 19.66 99.396 94.7
I [°] 142.9 108.0 25.4 144.9 133.1
Fly-by 8.12.1990 23.1.1998 18.8.1999 4.3.2005 2.8.2005
Av, [mm/s] 3.92+0.08 [13.46+0.13 |~1 1.82 £ 0.05
Ve [mm/s] 2.56 + 0.05 7.24 +0.07 |-0.2| (?)| 0.67 +0.02 O (0

# Deutsches Zentrum
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Observed phnomea

/msat = (Vg _VIZ)/Z

= Vearth (V

!

0

(s Av decreases with increasing

Galileo

\
eccentricity and perigee height

= Av disappears ate = 1

(as expected for bound orbits

/

Cassini

Rosetta

eccentricity

T T = h [km]
perigee
250 500 750 1000 1250 1500

Deutsches Zentrum
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Error analysis

~

/Qﬁr budget constituents bias
[10-° m/s?]
Atmospheric drag - 0.0001
Ocean tides + 0.1
Solid earth tides « |0.15|
S/C charging (modeled / analyzed for LISA; + 0.0001
for charging Q <107 C
Magnetic moments (< 2 - 107 G/m) + 1010
Earth albedo (1t S/C) + 0.00024
Solar wind + 0.0003

Relativistic corrections U -v?/¢c? ~10™

not affecting

Spin rotation coupling (coupling of the helicity of radio

waves with S/C spin and Earth rotation ( only effective
W-way Doppler ranging)

not affecting

4

# Deutsches Zentrum
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v JoE 7
A o R I >
v O A <, o6 /

Attempts to explain

/ = Explanations by systematics failed so far. \
= Confirmed by different codes
= Real effect inherent to the tracking of S/C

= Source unknown

K(Anderson et al., PRL, 2008) /
/Empirical prediction formula (Anderson et al., PRL, 2008) \
V=V Vo — 2
L AVV‘” = K(cos 6, —cosd,,) with K= AT
% C

# Deutsches Zentrum
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(3) GRACE

L .\_ I: ' ; .. i_.;
Anomaly

ﬁ)served difference of a systemat
shifts of

0.056 ps/ s — 45.6 ns/d

independently determined by
(1) Ku-band ranging and
(2) GPS (Bertiger et al. 2003)

= Could be interpreted as a anomalous
acceleration of the GRACE satellites:

0.2 - 1074 m/s?

anomaly!

-\Same order of magnitude than fIy-by/

# Deutsches Zentrum
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KBR - GPS Determined Relative Rates
Mean: -0.065 ps/s

o
o

KBR-GPS Relative Clock Rate (ps/s)

0 8 12 16 20 24
Hours Past March 02, 2003 00:2:30

Difference of KBR and GPS

determined clock rates



Take-home messages

Unexplained phenomena
Dark matter (does it affect solar system physics?)
Dark energy
Increase of AU
Quadrupole / Octopole anomaly

,From Quantum to Cosmos 4“
(Q2C4)

It g Bremen (Germany) Sept. 21 — 24,
2009

www.zarm.uni-bremen.de/Q2C4

laemmerzahl@zarm.uni-bremen.de
hansjoerqg.dittus@dlIr.de

What’s about hyperbolic orbits?

Observation of future fly-bys of satellites
Rosetta Earth fly-by 11 / 2009 (orbital height: ca. 2,500 km)
New Horizon Jupiter fly-by in 2008 ?

probably are not
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