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|Ad hoc: Shapiro delay conception | ’

A GoaI planetary astronomy e o |
G o Vlctor and Stevens (USA)1961'
Radar observatlons of Venus - Thomson et &l. 1961 (GB) ‘

' , . . ;'>ﬁf?.".‘»%?;:;j,KoteImkov 1961 (USSR)

. 'RadarObserVatlons ofl\/lercury , Kotelmkov 1962 (USSR) Hiay

Fourth test of general relat|V|ty Shaplro 1964

| CIassncaI tests of general relativity |
1. Anomalous precession of perihelion of Mercury
2. Light deflection
3. Gravitational redshift

| 4 ohapiro delay | B WMillstone Radar, MA, USA-




Ad hoc Cassini experiment |

: BGoal pla n:e"t“a'-ry" astronomy’

o Cassml test ofGR Bertott| et aI 2003

Frequency Shlft of 5|gnal due to
gravitational space-time distortion

. Deviation from GR: i A o '»‘;P,h'ySi'c’sl'WOrId A e s
e=(21+2.3)x10" S S e :

Frequency shift measured with rel. D r‘e,’ci)sio*n : 1'x.1,0*'1,‘,‘"




Ad hoc grawtatlonal redshlft experlment W|th Gahleo ~

C Goal Buﬂdmg the European nawgatlon system wuth Gallleo satelhtes,

Problem orblt of sateilltes 5 6 o
was sllghtly elllptlcal i j -

8 Gravitational redshift experiment
| with Galileo satellites

Deviation from GR: ; _ :
£=(0.19+2.48)x10~5 (Delva et al. 2018) ' * ESA, New Atlas ©
B c=(1.9+1.6) to (4.5 + 3.1)x10 >(Hermann et I
al. 2018)




2. Test of Einstein Equivalence Principle with
RadioAstron

by probing the gravitational redshift
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EINSTEIN EQUIVALENCE PRINCIPLE 744/ / / /.

Foundation of metric-t‘heori_e,s' ofgravlfyj*, %] |

/ ¥ i
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Universality of Free Fall -~ _LOCA_L LORENTZ P I,-'/OC’AL‘POSITION
Weal Equivalence Principle. .~ < “INVARIENCE , ~ 7~/ / / INVARIENCE
Neutral objects fall in a The laws of physics are The outcome of any non-

gravitational field at the independent of the velocity gravitational experiment is

same rate regardless of of the frame of reference in independent of where and
their internal structure which the laws are expressed when it is performed

1015 108 -

~2.5X10"

Gravitational redshif




GRAVITATIONAL REDSHIET ~/// 7/ /

Local Position Invariance - Gravitational Redshift

Difference in Pound - Rebka 1959

gravitational
potential between
clock locations

Relative or fractional
frequency Shift

l
EA—f=(1——€)A—U

f c?

Violation parameter

SOUI'CG
~

Unification theories lead to € # 0
Also to consider: dark matter, dark energy

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



RADIOASTRON

Ru33|an Ied mternatlonal space VLBI
m|SS|on | s -

. Onboard “space” H maser (SHM)

 }‘ e Perlgees as Iow as 7 OOO km

% Apogees up to { km '-

o Eccentrlcrty of O 6 to 0 96
o Upllnk freGIuency of7 ZGHz By
. Downlmk ats, 4GHz and 15GHz-'., e

" _' . Trackmg statlons in Pushchlno
Ru35|a and Green Bank USA

Goal: 6 ~ 2x107°




 GROUND (TRACKING) STATIONS

Credit: Astro Space Center

Pushchino, Russia Green Bank, USA



GRAVITATIONAL
REDSHIFT
MEASUREMENT




GRAVITATIONAL
REDSHIFT
MEASUREMENT

grav. redshift variation
y = 2 1010

f

15,000,000,0C00)Hz
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. RADIOASTRON COMMUNICATION MODE

1-way mode

Spacecraft

Doppler tracking 1 | 4 Ground station

device ' Data recorder |«— H-maser '

Tracking station E

Downlink signals synchronized
to onboard H-maser




~ 1-WAYFREQUENCY SHIFT MODEL

y1wo 5 —— | Non-Relativistic Doppler Shift

Gravitational .\ AU |||ve — vs]” N D - d, | A Second-Order Doppler Shift
Redshift 2 22 2 Frequency Bias

+ Ytrop + Yion + ypcm

Troposphere lonosphere  phase center motion
(Antenna effect)

v
+ Of P )3 and other 3 order effects



 STATEVECTORS &DOPPLERSHIFT

\
- )
\ /5 D/c
Non-Relativistic

Doppler Shift
Model uses state vectors at t; (observation time)

NOVAS

Naval Observatory vector astrometry software
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| TROPOSPHERIC REFRACTION

PU

GB

-AL, = | (n—1)ds  "Refractivity”

0 10 20 30
Days after Dec 03, 2015
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fds
G

Geometric
Path

Varies with:

« Temperature / Pressure
(- Latitude, Season)

- Weather (~10%)

+ Elevation

1dAL
Vtrop = E dt
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 PHASE-CENTRE MO




 PHASE-CENTRE MOTION (PCM)
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wavefront between
F (focal point) and
R (reference point)




 PHASE-CENTRE MOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)




 PHASECENTREMOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)




 PHASECENTREMOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)




 PHASECENTREMOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)



 PHASE-CENTRE MOTION (PCM)

L = distance travelled by
%ﬁ% wavefront between

F (focal point) and
R (reference point)




 PHASE-CENTRE MOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)




 PHASE-CENTRE MOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)




 PHASE-CENTRE MOTION (PCM)

L = distance travelled by
wavefront between
F (focal point) and
R (reference point)

1dL
c dt

Yoem =

Litvinov et al. 2021



Fractional Frequency Shift
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1-way mode
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: v v :
E Data recorder |« H-maser E
' _ o
- Tracking station |

Downlink signals synchronized
to onboard H-maser

2-way mode

5 RadioAstron |

: H-maser -

' -— ‘

' | 72 MHz { TransMopder ]

] ]

z ~ j“f a

: =l \‘ Tx :

' | 15 GHz [ [S4SRT |7.2GHz |

] A ]
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C et L Lol L e it A L .

: \ 4 \ 4 :

. Rx Rx Tx i
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: T 3 — !

E Data recorder |e—{ H-maser E Biriukov et al.,
- - 2014

. Tracking station

Downlink signals phase-coherently
generated by uplink signal




1-way mode
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~ RADIOASTRON COMMUNICATION MODES

2-way mode

RadioAstron

(
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1-way mode

-

~ RADIOASTRON COMMUNICATION MODES

2-way mode

RadioAstron
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Fractional Frequency Shift

. DOPPLER COMPENSATION SCHEME

vvvvvvvvvvvvvvvvv

INTERLEAVED SESSION
(Doppler Residuals)

1 WAY

--ﬂ-#-%--*-a-a--}m&-i-}-&*----

AAAAAAAAAAAAAAAA

2000
Time [s]

1
Ay =Yiw — > Yow

AU
=C—2

Gravitational Redshift
is LEADING effect!

+Aydop + Aypcm + Ayatm

2 !

Other effects reduced

+Ah

1 )

Most significant remaining
systematic is Frequency Bias



 DOPPLER COMPENSATED SHIFT MODEL

— Dop 1st — Dop 2nd Dop 3rd — Grav
— Freq. Bias Trop — lon — PCM

w

Relative Frequency Shift
Geocentric Distance [km]
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 DOPPLER COMPENSATED SHIFT MODEL
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 DOPPLERCOMPENSATED SHIFT MODEL

— Dop 1st — Dop 2nd Dop 3rd — Grav
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: .'Freq.li ency blas as afunctlon of tirhe '

25

Ah

7

1.0

0.0
-0.5

-1.0

1200

x1011

0.5

3 Intervals

T A | !

l
|
|
|
|
|

PU Calib |

GB Calib | |

PU Main |-

GB Main |
|

* % = =

|
B | S | .
| g \
| | |
- | | |
! | |
| | \
£ | | |
| | |
! | |
B | | |
| | |
| | | :
B ! | l
| | l \
' | | | |
| L L .I | L T L .I | | | 1 L l | I
1

1300

1400

1500 1600
Days after 2012-01-01

1700

900 2000



Grawtatlonal redshlft of spacecraft relatlve to observer at

_infinity from 30,000 to 350,000 km
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2c NOISE MODEL DATA POINT ERRORS

RESU LT




~ Simulated spectrum of five noise types
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RWFM
FFM
WFM
FPM
WPM

Pushchino

. Relative contribution to fit error
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N zd-.FUTURE PROSPECTS

AnaIyS|s of VLBI data e
recorded |n dedlcated sessmns
by VLBI network |

- Ae~2 10‘5? | i ik
Unsurpassed accuracy in 3+1 cIaSS|caI tests of GR
AND

from here to the Moon




~3.Ideas for néxt,generatﬁionspacé VLB',

;.,]‘,,'_’Grav1tat10nal redshlft measurements as plggy back on’
. routine space VLBI observatlons | i
"',;"'"-;_.Recordmgs contmuously over years at trackmg stations |
i ‘.-'.',‘_',-Slmultaneous operatlon m 1 way and 2 way modes for o
... Doppler compensatlon | e |

T V_'v-.fl-r"nghly elliptical orbits
AN Synchromzatlon of clocks "

mmmp Ae ~ 1077 ? (1 yr continuous measurements)




~3.Ideas for néxt,generatﬁionspacé VLB',

;.,]‘,,'_’Grav1tat10nal redshlft measurements as plggy back on’
. routine space VLBI observatlons | i
"',;"'"-;_.Recordmgs contlnuously over years at trackmg stations |
i ‘.-'.',‘_',-Slrnultaneous operatlon 1n 1 way and 2 way modes for o
... Doppler compensatlon | e |

T V_'v-.fl-r"nghly elliptical orbits
AN Synchromzatlon of clocks "

mmmp A~ 1077 2(1yr continuous measurements)




g 4.',CONCLUS|ONS* .

,'-_.a) Ad hoc experlments have glven remarkable
results in the past W|thout much effort :

_"”b) Ad hoc RadloAstron grav1,,"},;f';. expenment S
it Wlth Doppler tracklng deV1ce b 2; 1 3. 2)X10_4
sl )..;_.-/-:;:,:;:_f/-'.ﬂ'---- c0n5|stent with GR

2 (prellmmary)

| ,c) Goal W|th VLBI data unsurpassed 55 ~2><10_5'= |

- d) Unlque problng of grav redshlft from
. 2600010370,000km |
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The smaller the
group, the more
novel the ideas.

Study

42 Mill. Articles

5 Mill. Patents

16 Mill software projects




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

Can Be
Too Big
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rhiarger

The smaller the
group, the more
novel the ideas.




Big Science

Can Be

roups are best su
eraling thern, 1

Ad hoc experiments:
important to consider

The smaller the
group, the more
novel the ideas.
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