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Experimental Proves of GR




for closed loop:
d =gk(p)ds
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2
S= 4p8R © %pR2

——————————————

______________



Ipipenm Epacgenun Jemmi
A8=7yzn.cen

\

t=7z20d

:-;’?gnexm
opbima ne-

HO20
dburcenusn

Fuic. .

Y®H, 1970, 1.160;B:3,¢:395.- «PeIITUBUCTCKUE T'PABUTAIIMOHHBIC SKCIICPUMEHTHI»
B.bparunckuii, B.Pyaenko



Gyroscope at the Earth’s orbit

Geodetic Effect
6,614.4 milliarcseconds/yr
{0.001583 degrees/yr)

Frame-dragging Effec

40.9 milliareseconds/yr
(0.0000114 degreesiyr)

L.Schiff , 1960 (just NASA was launched its 1st satellite)
W.Fairbank, L.Schiff , 1961, first conceptual proposal

for NASA gyroscope experiment



Geodetic Warping

Geodesic precession

6.6 arcsecly;
m.accuracy (+-) 0.01%

LT-precession
0.04 arcsecly;

m.accuracy (+-) 1%




GP-B spacecraft design

Guide Star
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Telescope

Polar-orbiting satellite with four ultra-precise spherical gyroscopes and a
telescope aligned with adistant «guide» star; all instruments are located inside
the helium dewar along its main axis



Launch, Monday 20 April, 2004, Vandenberg Air Force Base, CA.
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General GP-B layout
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The Gravity Probe B
Space Vehicle
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Quartz giro

Size 3.81 cm

Composition:
homogenous
fused quatrz

~2 ppm

Dr/r ~3 107

In 100 times
smaller then
CD® 1ppm

Gravity Probe-B in a Nutshéll

Gravity Probe B gyroscope (rotor), with
quartz housing halves.

Nutshell gap
~25 mkm
niobium film
~12 A

B ~10{-13}
Earth field
Da~ 0.1 miliarcsec
t ~two days



The Probe,- central cigar-shaped canister

lass-10 clean AR ™ 7 | "
c : o¢ | L GPS-position control
room; speck of . N\ o1
dust < 1 mkm cm (commercial 1 m)

8 pairs of micro
thrusters driven

by the helium gas:
at the rate 1/100th
of a human «puff»
to clean eyeglasses

Flow of helium keeps
center-mass position 8 -
ballanced around one "5‘”"'/‘“"',:
of the gyroscopes- "
a proof mass of the
dragg-free mechanics

Lockheed Martin Space System



Cement Mixer-sized Thermos Bottle

2 441 litre of
liquid helium




Amaizing Technology of GP-B

nine new technologies had to be invented to carry out GP-B exp.

1. GP-B gyro has a stability more then amillion times better the inertial navigation gyros
2. SQUID magnetomers can detect - 1/ 40 000 000 th part of a degree an axis deflection
3. Dragg-free compensation of acceleration less 1/ billion part of the Gal

4. Space Dewar keeps 1.8 K during of 18 months (2.5 000 lit.) ;T-variations ~ 1p.p.m. K
5. Board Telescope keeps the orientation ~ 1 miliarcsec with aperture 1 arcmin

6. ...... etc.

Scientific influence of GP-B project:
more then 100 PhD have been written on various aspects of the program,
carees were made by numerous graduated and high school students,
members of aerospace companies (including the first women astronauit),
professors of Harvard, Princeton, Stanford, and others.... and
arecent Nobel Laureate in Physics



Telescope & Guide Star

36 cm long Cassegrain reflector, f=3.8 m, optically bonded to the end of quartz
block that houses the gyroscopes (no any «glue»);

focussing ~ (+-) 20 miliarcsec for avery distant star.

Chossing and Mapping a Guide Star with VLBI

splitting the guide star image to keep a center (+-) 0.1 miliarcsec.
control of local movements with respect to a reference quasar
VLBI monitoring the quasar coordinates

1 400 stars were studied;

IMPegasi - HR8703, 300 light years, magnitude 5.85-5.6



Fromfranci s@el gyro.stanford. edu Wed Apr 6 20:11:46 2005

Dat e: Wed, 29 Dec 2004 13:39:07 -0800

From Francis Everitt <francis@el gyro.stanford. edu>

To: rvn@ai.nsu.ru

Cc: nester@el gyro. stanford. edu, worden@tep.stanford. edu, t.sumer @ c. ac
Subj ect: Rokot and Pl eset sk

Dear Val enti n,
Happy New Year to you al so!

Qur person at Stanford responsible for contacts with Eurockot and,

t herefore, the hoped-for use of a Rokot |aunch vehicle is Dr. John
Mester. | forwarded your email to himand suggested that he and you
be in touch.

Today, GP-Bis in Day 124 of science data collection.

Your s,
Franci s


mailto:francis@relgyro.stanford.edu
mailto:<francis@relgyro.stanford.edu>
mailto:rvn@sai.msu.ru
mailto:mester@relgyro.stanford.edu
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mailto:t.sumner@ic.ac.uk
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STEP (Satillite Test of Equivalence Principle)

Equivalence & History, Experimental V

time

Orhmng drnp tower Experimen‘[ * More time for separation to build
* Periodic signal 5




Equivalence & History

Pescara Meeting, 20 - 23 September, 2004

Francis Everitt

1



Equivalence & History, Experimental - |

A Little about EOtvos....

K AMND EQINVALENCE.

VAzérasnamény Baro Eolvis Lordnd 11843 1918}, whose name is usually Germenized as
Holant von Edtwis, was foorth baron of that name, the son of & distinguished Hunganan statesnign
whowas alsn Hurgary's ieading 19th-ventury novelist and palitical philosopher, Aftar studying
Iy, Etvds went to Cermiany to lsarn physics and obtained 2 doctorske flom Heatelberg on
“heoretical aptics. Appoanted professorin Budapesl 2L 24, he soon tumed 1o experment, discavering
the impartant law cancerning surfece tension of liqguids that hears his name. Then in 1886 he
imverrted the ‘curvature vasiometer for mepping laca variations in the Earth's gravity which veas
to secome the leading mstrument of goophysicel resesrch for the next fifty years. [twas in
response to & phize announcement in 1890 Fom the University of Gétiingen that Ebtwos raslised
that he could adapt this inslriment to tast equivalence,

Lika his arker, Ebtwis served briefly as Hungary's minister at public worship end
education; inTroducing relorms that diractly cortributed to the rapid rise of Hungarian scisnce
after World War | He and his twao daughiers were alse renowned mountaingers. & oeak in
the Dalomites is named after him.




Equivalence & History, Conceptual - IV

« EOtvOs on Einstein, a psychological impact

+ Einstein

(a) Equivalence, a ‘principle’ * 1 907, 1911
(b) redshift, a gravitational deflection of light

* Principle = something physicists believe but don’t understand

+ ‘Weak’ & ‘Strong’ Equivalence
(a) Schiff vs. Dicke (Am. J. Phys., 1960)
(b) the evil influence of loaded language

‘.“.Whenml-“am ﬁeak, then | arh_;_t-rong.“ — St".. ﬁéul




1. Galileo: il J _______ iree fall
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3. Eotvos torsion balance
T % compensated

F. °© mWr

4. Dikki etal. ~ Sun'sfield
g@“’lO-SgA |

% / period

*— t ., =24h
compensated @ 0




5. Sanford University unlimited “ free fall”
P. Worden, F. Everitt, 1976
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Equivalence & History, Experimental - |

Later Limits -

Galileo 1592,
Free Fall 10-27?

'Newton |, 1686
Pendulum <103

'Newton II, 1687
Earth-Moon system

~ 103
Jupiter’s moons 10

Eotovos 1890
Torsion Balance s gl

~ 3 X 1019 (Polacco, 1996)

~2 x 106 (Potter, 1923)

5 x 1013 (LLR, 2000)

2 x 102 (Adelberger,
et al. 2000)

7



Equivalence of passive and active Gravitational Mass

Observation of Moon-orbit (Bartlett and van Buren 1986)

= M. r: s r
.= il Eg/' S»5C . §
Fey M. ry, 1y, Dr

Effect of tangentia force is dominant:
Increase of orbital angular velocity

Dw F .. sin14°
=6p = per month
FEM

—— £10%/month b £7X0"




Equivalence & History, Experimental - |l

‘Some Limitations of 4 Methods

Free Fall on Earth
(a) release (b) short (3 - 4 sec) time [readout accuracy]

Pendulum, T = 2 vi/g

(a) [, temperature dependent (b) g, seismic effects

Torsion Balarice on Earth
(a) gravity gradient (b) seismic effects [dominant]

Earth-Moon System
(a) ranging (b) 150-km Newftonian effect of same signature

Space brings one full circle back to free fall method....

9



Equivalence & History, Experimental - |V

» Two Initial Merits of Space Test

— Larger ‘driving acceleration’
[850 cm/s? vs. two ground-based options, 0.6 crm/s” (Sun), 1.3 cm/s” (EOtvos)]
— Quieter, seismic environmental (drag-free)

+ Initial Difficulty
— EP effect varies as GM/r2, and gravity gradient effect as GM &r/r?
— In space with torsion balance, gq effect ~ 108 > EP effect

« Solution: Back Full Circle to Free Fall Method!

- Gravity gradient, being doubly-periodic, allows centering adjustment
Eﬁépman—Hansan: 1970 .
Worden-Everitt: 1973 - on
STEP: ' 1017, 1018 (NASA, ESA)

| MICROSQOPI’;’_:__ _ 10 (CNES. ESA)

10° greater driving acceleration x 102 ‘seismically’ quieter
P 1(_)‘B advance in accuracy




L ayout of the STEP probe

fvedl et
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Fig. 3.1. MiniSTEP mission concept (left}; and accelerometer cross-section (right)
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Equi\kalence & History, Experimental VI
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R =(M,/M.)*"(h/2pcM.) M. »1.Tev

V(r) =- G ML+ b, ()]

exchange by two massless particles: b - strength, n=2, 3,4, 5



| SL-test (recent results)
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FIG. 34: [color online] Yukawa constraints from our com-
bined data set as well as from other work[9-12, 32, 33]. The
area above the heavy curves is excluded at the 95% con-
fidence level. Predicted ISL violating effects from “extra
dimensions”[1], from dilaton[15], moduli[16] and radion[18]
exchange, and from a conjectured solution[4] of the cosmolog-
ical constant (vacuum energy) problem are shown as fainter
lines.



Can Gravity Be Made to Fit?

e Unification in physics — through fields (Maxwell), geometry (Einstein),
symmetries and new particles (electroweak theory)....and “

now (?) supersymmetry and strings

 The problems of gravity — quantization; 10-42;
cosmological constant A (10-12%); equivalence

o Partial steps toward Grand Unification

— Strings/supersymmetry in early Universe P scalar-tensor theory, not Einstein’s
— Damour - Polyakov: small A P long range equivalence-violating dilaton

 EP violations inherent in all known GU theories
(Witten) { >> 1018

— Runaway dilaton theories { (Damour, Piazza, Veneziano) n up to 1014

— 1 TeV Little String Theory (Antoniadis, Dimopoulos, Giveon) n~ 101

STEP’s 5 orders of magnitude take physics into new theoretical territory




Equivalence & History, In Summary

‘ The power of gravity is of a different nature from the power of magnetism; for
the magnetic attraction is not as the matter attracted. Some bodies are attracted
- more by the magnet; others less; most bodies not at all. The power of magnetism
in one and the same body may be increased and diminished; and is sometimes far

| stronger, for the quantity of matter, than the power of gravity...” — Newton, 1687

“Mass is defined by the resistance that a body epposes tU its amelerahnn (inert
: mass) It is also measured by the wenght of the body (heaw mass) That these?:
two radically different definitions lead to the same value for the masa Gf a body is,
i |n Itsetf an astomshmg fact“ Emstem 1950 B PR Y

“...the existence of weak... long-range ditaton or moduli fields is an essential part
of [string] theory and a test of EP five-orders-of magnitude beyond the

existing limit would be fantastically important.” — David Gross, 2002
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