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• Radar observations of Venus:
Victor and Stevens (USA)1961
Thomson et al. 1961 (GB)
Kotelnikov 1961 (USSR)

• Radar observations of Mercury: Kotelnikov 1962 (USSR)

A. Goal: planetary astronomy

Fourth test of general relativity: Shapiro 1964
Classical tests of general relativity
1. Anomalous precession of perihelion of Mercury
2. Light deflection
3. Gravitational redshift
4. Shapiro delay Millstone Radar, MA, USA

1. Previous ad hoc GR space experiments

Ad hoc: Shapiro delay conception



B. Goal: planetary astronomy

Cassini test of GR.  Bertotti et al. 2003

Frequency shift measured with rel. precision:1x10-14

Ad hoc Cassini experiment

Frequency shift of signal due to 
gravitational space-time distortion

Deviation from GR:
𝜺 = (2.1±𝟐. 𝟑)×𝟏𝟎!𝟓

Physics World



C. Goal: Building the European navigation system with Galileo satellites

Gravitational redshift experiment 
with Galileo satellites

Deviation from GR:
𝜺=(0.19±𝟐. 𝟒𝟖)×𝟏𝟎!𝟓 (Delva et al. 2018)
𝜺=(1.9±𝟏. 𝟔) 𝒕𝒐 (4.5 ± 𝟑. 𝟏)×𝟏𝟎!𝟓(Hermann et 

al. 2018)

Problem:  orbit of satellites 5, 6 
was slightly elliptical 

Ad hoc gravitational redshift experiment with Galileo

ESA, New Atlas



2. Test of Einstein Equivalence Principle with 
RadioAstron

N. Nunes1, N. Bartel1,  M. Bietenholz1, A. Belonenko2, 
G. Cimò3,  D. Dirkx4, A. Filetkin2, L. Gurvits3,4, A. Gusev2, D. Litvinov, G. Manucharyan2

G. Molera Calves5, S. Popov2, V. Rudenko2, M. Zakhvatkin6

COSPAR-2018
Caltech, Pasadena, July 19

Gravitational Redshift Experiment

1York University, Toronto, Canada 
2Sternberg Astronomical Institute, Moscow State University, Moscow, Russia
3JIVE, Netherlands
4Delft University, Delft, Netherlands
5University of Tasmania, Hobart, Australia
6Keldysh Institute of Applied Mathematics, Moscow, Russia

by probing the gravitational redshift



LOCAL LORENTZ
INVARIENCE

LOCAL POSITION
INVARIENCE

Universality of Free Fall
Weal Equivalence Principle

Neutral objects fall in a 
gravitational field at the
same rate regardless of 
their internal structure 

The laws of physics are 
independent of the velocity
of the frame of reference in 
which the laws are expressed

The outcome of any non-
gravitational experiment is
independent of where and 
when it is performed

𝟏𝟎!𝟏𝟓 𝟏𝟎!𝟖

EINSTEIN EQUIVALENCE PRINCIPLE
Foundation of metric theories of gravity

~𝟐. 𝟓×𝟏𝟎!𝟓
Gravitational redshift

Credit: posteriori/Shutterstock



𝑦 ≡
𝛥𝑓
𝑓 = 1 + 𝜀

𝛥𝑈
𝑐(

GRAVITATIONAL REDSHIFT

Violation parameter

Local Position Invariance à Gravitational Redshift

Difference in
gravitational
potential between 
clock locations

Relative or fractional
frequency Shift

Credit: Figure 21-7, Universe, 10th Edition
© 2014 W.H. Freeman and Co

Unification theories lead to 𝜀 ≠ 0
Also to consider: dark matter, dark energy

Pound - Rebka 1959 



RADIOASTRON
• Russian-led international space-VLBI 

mission

• Onboard “space” H-maser (SHM)

• Perigees as low as 7,000 km

• Apogees up to 370,000 km

• Eccentricity of 0.6 to 0.96

• Uplink frequency of 7.2GHz 

• Downlink at 8.4GHz and 15GHz

• Tracking stations in Pushchino, 
Russia and Green Bank, USA

𝑮𝒐𝒂𝒍: 𝜹𝜺 ~ 𝟐×𝟏𝟎!𝟓



GROUND (TRACKING) STATIONS

Pushchino, Russia Green Bank, USA

Credit: Astro Space Center Credit: NRAO/AUI/NSF



H-maser

H-maser

GRAVITATIONAL 
REDSHIFT 

MEASUREMENT



H-maser

H-maser

GRAVITATIONAL 
REDSHIFT 

MEASUREMENT

15,000,000,000 Hz

grav. redshift variation
y = %&

&
~𝟏𝟎!𝟏𝟎

𝜹𝜺~𝟏𝟎!𝟓 𝜹𝒚~𝟏𝟎!𝟏𝟓



2a. DYNAMICAL MODEL



RADIOASTRON COMMUNICATION MODE

1-way mode 2-way mode

Biriukov et al.,  
2014

𝑦!"= - 2
)̇
*
+. .

Downlink signals synchronized
to onboard H-maser

Doppler tracking 
device

Spacecraft

Ground station



1-WAY FREQUENCY SHIFT MODEL

y1w = �Ḋ
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c3
� D (rUs · ~vs)

c3

� L

c2

8
<

:
sec2 ✓✓̇

⇣
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Non-Relativistic Doppler Shift

Gravitational
Redshift

Second-Order Doppler Shift
Frequency Bias

𝑦#$%& + 𝑦'%( + 𝑦&)*+

+O( +
*

), and other 3rd order effects 



STATE VECTORS & DOPPLER SHIFT

𝑡<

𝑡(

𝑡=

Model uses state vectors at t3 (observation time)

�̇�/𝒄
Non-Relativistic

Doppler Shift 

NOVAS
Naval Observatory vector astrometry software
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TROPOSPHERIC REFRACTION
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IONOSPHERIC REFRACTION
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• Time-of-Day
• Solar Illumination Angle
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PHASE-CENTRE MOTION (PCM)

distance travelled by
wavefront between
F (focal point) and 
R (reference point) 
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Fractional Frequency Shifts at GreenBank

Date (January 2014)
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Non-Relativistic (Classical) Doppler Shift

Gravitational
Redshift

DOWNLINK FREQUENCY SHIFT

Doppler is over
10,000x larger!

∆𝜖 = ±0.030syst Nunes et al. 2020



2b. Doppler compensation



RADIOASTRON COMMUNICATION MODES

1-way mode 2-way mode

𝑦%"= - )̇
*
+ -.

*&
+..

Biriukov et al.,  
2014

𝑦!"= - 2
)̇
*
+. .

Downlink signals synchronized
to onboard H-maser

Downlink signals phase-coherently
generated by uplink signal



RADIOASTRON COMMUNICATION MODES

1-way mode 2-way mode
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RADIOASTRON COMMUNICATION MODES

1-way mode 2-way mode
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DOPPLER COMPENSATION SCHEME
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DOPPLER COMPENSATED SHIFT MODEL
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DOPPLER COMPENSATED SHIFT MODEL
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Everything can be 
modelled to 

𝜹𝒚 < 𝟐×𝟏𝟎!𝟏𝟓



DOPPLER COMPENSATED SHIFT MODEL
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Most critical is the 
frequency bias, ∆ℎ

Freq.



Frequency bias as a function of time

∆ℎ

3 Intervals



Frequency bias as a function of time

∆ℎ

3 Intervals



Gravitational redshift of spacecraft relative to observer at 
infinity from 30,000 to 350,000 km

Unique test 
from Earth to 
the Moon



2c. NOISE MODEL, DATA POINT ERRORS,

RESULT 



Simulated spectrum of five noise types

WPN

FPN

WFNFFN

RWFN
Random walk freq. noise

Flicker 

White 

White phase noise

Flicker 



Relative contribution to fit error

Pushchino

Green Bank

Flicker 
frequency 
noise 
dominates
for example 
integration time



Result and residuals of global fit 

Gravitational redshift

Re
sid

ua
ls,

 ∆
4 4

𝜀 = (2.5 ± 3.3)×10'(
𝜀 = (2.1 ± 3.2)×10'( 𝜒+, = 0.95

unweighted

weighted

preliminary



2d. FUTURE PROSPECTS 

Analysis of VLBI data 
recorded in dedicated sessions
by VLBI network

∆𝜖 ~ 2/ 10MN ?
Unsurpassed accuracy in 3+1 classical tests of GR  

AND
from here to the Moon



3. Ideas for next generation space VLBI 

1. Gravitational	redshift	measurements	as	piggy	back on	
routine	space	VLBI	observations

2. Recordings	continuously	over	years	at	tracking	stations
3. Simultaneous	operation	in	1	way	and	2	way modes	for	

Doppler	compensation
4. Highly	elliptical	orbits
5. Synchronization	of	clocks

∆𝜖 ~ 10Me ? (1 yr continuous measurements)
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4.  CONCLUSIONS 

a) Ad hoc experiments have given remarkable 
results in the past without much effort

b) Ad hoc RadioAstron gravity experiment
with Doppler tracking device 𝜀 = 2.1 ± 3.2 ×10!5

---- consistent with GR
(preliminary)

c) Goal with VLBI data: unsurpassed 𝛿𝜀 ~2×10MN

d) Unique probing of grav. redshift from 
26,000 to 370,000 km



5. Final thought 



5. Final thought 

Study:
42 Mill. Articles
5 Mill. Patents
16 Mill software projects



5. Final thought 

Large groups are still important
drivers of progress, but they are 
best suited to confirming novel 
findings rather than generating 
them.

The smaller the group, 
the more novel the ideas



5. Final thought 

Ad hoc experiments: 
important to consider


