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TemMHaa matepugd
- CBOWUCTBa
- ranakTn4yeckoe pacnpegeneHue

- yBeJin4eHme niioTHOCTn B ConHe4yHou cucteme
» BapuUOHHOE cXKaTue
* rPaBUTALIMOHHO-CTONIKHOBUTESTbHbIN MEXaHU3M
* rpaBUTALMOHHbIN 3axBaT
* (bOKyCMpOBKa 4YacTuL, B rpaBUTaLMOHHOM Mone

[ paBUTaLMOHHbIE aHOMann B COnNHEYHOM cUCTEME
- aHomanus 'NmoHepos

- «flyby» aHOManus

- yBenunyeHune ActpoHomMmmndeckon EgnHuLbl
3akrno4yeHne



BapunoHbl ~ 5%
TemHasa matepusa ~ 25%
TemHasa aHeprusa ~ 75%

TemMmHaa matepud

* KpuBble BpalLLeHUS

* BMpuUarsibHble TeopeMbI AN KNacTepoB ranakTuk

* rpaBUTaALMOHHOE NUH3NPOBAHME

e 0bpasoBaHue KpynHomacwTabHom cTpykTypbl (CMB)
* (pM3MKa anemMeHTapHbIX YacTuL



CBoncTtBa TEMHOU MaTepUn

» OeccTornkHOBUTENbHAS
e camoaHHurnnauusa (?) — npobnema Kacrnos

NPOAYKTbI aHHUTMAALNN,
HarpeB nnaHeT (A.Abbas&S.Abbas,1996;

Mack et.al.,2007)
moaenb ConHua

WIMP, HenTpanunHo, akCnoHkbI, rpaBnuTuUHO, MoHononun, PBH,
27?7



[leTekTupoBaHne TeMHON MaTepumn

* NpaAmMoe
9P PEKT 3nMa-neTo
DAMA/Libra — rogoBasi mogynsyms

* rpaBUTaALMOHHOE



[anakTnyeckoe pacnpegeneHue
TEMHOW MaTeEPUN B OKPECTHOCTWU
ConHe4yHon Cucrtemol

[ paBUTALMOHHBLIVN NOTEHLMAnN
TEMHOU MaTepun

e/

BapuoHbl




OkpecTHOCTb ConHevyHon Cuctemol



bapnoHHoe cxaTmne Bo BpeMS
doopmmpoBaHua CoriIHEYHOUN CUCTEMDI



[ paBUTALIMOHHO —
CTONMKHOBUTENbHbLIN 3axBaT

V°°D_M_ ~ 300 km/s
Vsunpar- ~ 600 km/s

CornHue VS“”D_M_ ~ 660 km/s

CBsizaHHble opbuTbl => notepsi 10% ckopocTn



[ToTepu aHeprun npu ogHOKPaATHOM
npornete

ONEKTPUYECKNN:

MarHnTHbIN:



[ paBUTaALIMOHHO —
CTONIKHOBUTENbLHbLIN 3axXBaT

HecKonbko pagnycos ConHua

mano: (1 a.e. =200 paauycos Contua)

Pe3oHaHCcHasi nogcTponka: (Maccbl YacTtul, TUNbI
B3aMMOLENCTBUN, CEYEHNSA)



[ paBUTaALUMOHHbLIN 3axXBaT

YcnoBue 3axBaTa:
OpbuTtanbHasa ckopocTb KOnutepa: 13 km/cek

@ o

ConHue tOnuTep

CeyeHue 3axBaTa: o = TTRZ,

=> R,=2R,

Il OBbpaTHoEe paccesdHme CyLLEeCTBEHHO, HET HAKOMUTENLHOIO

adppeKkTa



[ paBUTALIMOHHO —

CTONMKHOBUTENbHbLIN 3axBaT
+

rpaBUTALUMUOHHLIN 3axBaT

CorHue . (Damour&Krauss,1999)

S ® fonurep =

» KacaHue ConHua, TopMOXeHUE

 [locneagytowiasa aBonoumst oponTbl
c U()~r?+1/r
* BoamyLueHna nnaHetamu




[ paBUTaAUMOHHAA POKyCcUpoOBKa
yacTtuy

n(r)

:"_“‘--~\\\\\\ (n3oTponus)

0

(aHmn3oTponus)

eClln



ConHue: V npar- ~ 600 km/s V°°D_M_ ~ 300 km/s

Su

ConHue:



1. Marnble CKOpOCTU




2. CpaBHUMbIE CKOPOCTHU



[ paBUTaALUMOHHAA POKYCMPOBKa YacTuLl

noBepxHocTb ConHua:

BHYyTpn ConHua: —



3. bonbLUMe CKOPOCTU - KayCTUKa

O




emMns
Sikivie et.al.,2002

Kayctuka B nuHumn 'enna Hel (A = 584A)
TemnepaTypa 1 CKOPOCTb MeX3Be34HOM
cpenbl bbina namepeHa (Kypt B.I. v op.)



HeT dpoKycupoBKM nnaHeTamu

* Ha opbutax

= 30 km/s \V =13 km/s

orbital _Earth orbital_Jupiter

* [@ano BOKpyr nnaHeT

\Y =11.2 km/s \Y =61 km/s

par_Earth par_Jupiter



Anderson et al, Phys.Rev.D, 2002

PHYSICAL REVIEW D 65 082004

F1G. 3. Echptic pole view of Pioneer 10, Pioneer 11, and Voy-
ager trajectonies. Pioneer 11 1s traveling approximately in the direc-
tion of the Sun’s orbital motion about the galactic center. The ga-
lactic center is approximately i the direction of the top of the
figure. (Digital artwork by T. Esposito. NASA ARC lmage No.
ACYT7-0036-3.)




1. HanpaBneHue

(3emns, CornHue, oCb BpalUeHUSsl, HanpaBneHue
OBWXEHNS)

2.

BO3MOXXHble OObACHEeHUS:

BHYTPEHHUE npuudmnHbl;, kocmonorug; MOND;
rpaBUTUPYLOLLIME ODBLEKTDI; Mblfb; TEMHAS
MaTtepus; 7?7



TABLE I: Error budget for the Pioneer 10 and 11, taken from Ref. [1].

[tem Deseription of error bu onstituents Bias Uncertainty

10°° e /s* 10" cm/s’

1 Systematics generated external to the spacecraft:

lar radiation pressure and mass HLEG +0.01
w wine +< 107"
lar corema 40,02
TS +<107!
e) Influence of the Kuiper belt’s gravity
[) Influence of the Farth or
g) Mechanical and phase stability of DSN antennae
h) Phase stability and clocks
i) DSN station b
i) Tropesphere and iomosphere + < 0001

2 On-board generated systematics:
a) Ravdio beam reaction foree
L) RTG heat reflectesd off the craflt
o) Dilferential emissivity of the RTGs
d) Nom-i radiative cooling of the spacecraft
e) Expelled Helium preduced within the RTGs H0.15
[} Gas leakage
gl

iom between spocecraft determinations +0.7

Computational systematics:
) Numerical stability of least-squares estimation
of comsistency /madel tests
Wing of maneuy ers
d) Mismodeling of the solar ¢

urnal terms

Estimate of total bias/error 0.9 +1.33




[1Ba nnyTOHMEBLIX reHeparTopa

OcTblBaHMe
(Turyshev et all, 2008; Bertolami et all, 2008)



Flyby aHomanug

week ending
PRL 100, 091102 (2008) PHYSICAL REVIEW LETTERS 7TMARCH 2008

Anomalous Orbital-Energy Changes Observed during Spacecraft Flybys of Earth

John D. Anderson, James K. Campbell, John E. Ekelund, Jordan Ellis, and James F. Jordan

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 91109, USA
(Received 26 November 2007; published 3 March 2008)

We report and characterize anomalous orbital-energy changes observed during six Earth flybys by the
Galileo, NEAR, Cassini, Rosetta, and MESSENGER spacecraft. These anomalous energy changes are
consistent with an empirical prediction formula which is proportional to the total orbital energy per unit
mass and which involves the incoming and outgoing geocentric latitudes of the asymptotic spacecraft
velocity vectors. We use this formula to predict a potentially detectable flyby velocity increase of less than
| mm/s for a second Rosetta flyby on November 13, 2007,




WeeK ending
PRL 100, 091102 (2008) PHYSICAL REVIEW LETTERS 7 MARCH 2008

TABLE 1. Earth flyby parameters at closest approach for Galileo, NEAR, Cassini, Rosetta, and MESSENGER (M*GER) spacecraft.
The altitude # is referenced to an Earth geoid. the geocentric latitude ¢ and longitude A are listed for the closest approach location, V¢
is the inertial spacecraft velocity at closest approach, V., is the osculating hyperbolic excess velocity, the deflection angle (DA) is the
angle between the incoming and outgoing asymptotic velocity vectors, the angle 7 is the inclination of the orbital plane on the Earth’s
equator, the next four rows represent the right ascension « and declination 8 of the incoming (i) and outgoing (o) osculating asymptotic
velocity vectors, and Mg is a best estimate of the total mass of the spacecraft during the encounter. The last three rows of the table give
the measured change in V,, . the estimated realistic error in AV, and the prediction of AV, by Eq. (1). The measured AV, for GLL-II
is actually—8 mm/s. but it is reduced in magnitude after subtracting out an estimated atmospheric drag of —3.4 mm/s.

Parameter GLL-I GLL-II NEAR Cassini Rosetta M'GER

Date 12/8/90 12/8/92 1/23/98 8/18/99 3/4/05 8/2/05
H (km) 960 303 539 1175 1956 2347

¢ (deg) 25.2 —33.8 33.0 —23.5 20.20 46.95
A (deg) 296.5 3544 47.2 2314 246.8 107.5
Vi (km/s) 13.740 14.080 12.739 19.026 10.517 10.389
Vo (km/s) 8.949 8.877 6.851 16.010 3.863 4.056
DA (deg) 47.7 51.1 66.9 19.7 99.3 94.7

I (deg) 142.9 138.7 108.0 254 144.9 133.1
a; (deg) 266.76 219.35 261.17 33431 346.12 292.61
8, (deg) —12.52 —34.26 —20.76 —12.92 —2.81 3144
a, (deg) 219.97 174.35 183.49 35254 246.51 227.17
8, (deg) —34.15 —4.87 —71.96 —4.99 —34.29 -31.92
Msc (kg) 2497 2497 730 4612 2895 1086
AV (mm/s) 3.92 —4.6 13.46 -2 1.80 0.02
oy (mm/s) 0.3 1.0 0.01 1 0.03 0.01
Equation (1) (mnv/s) 4.12 —4.67 13.28 —1.07 2.07 0.06

1 AE
x Ki{cosd;, — cosd, ).




TemMHaa matepua ?

Adler, 2008
* CBOWCTBA TEMHOW MaTepumn
* OKOJI03eMHOe€ rano
« DonbLIOE ycuneHue



AcTpoHoMuMnyeckaa EanHmnua

??? npunueHoe B3ammogeuncteue (Miura et all, 2009)



HebecHaa mexaHuka B ConHe4yHOu cucteme

Khriplovich&Pitjeva,2006;
Khriplovich,2007;
lorio,2007;Frere et.al.,2008

Future missions

RadioAstron — Space Interferometer, 2009 yr, ASC
LPI RAS — flyby anomaly, Earth-Moon halo

SAGAS — Search for Anomalous Gravitation using
Atomic Sensors, ESA 2015-2025 Call for Proposals,
2020-2030 yr, t~15-20yr, payload — accelerometer,
optical clock



[ paBUTALIMOHHOE MPOABNEHNE TEMHOWU
maTtepun B ConHevyHon Cucreme

n~10n_
ua A, ~107"° cm/cex?

a(PagnoAcTpoH) ~ 10° cm/cex?

ay,, ~3*1 071° cm/cek?

a(MuoHep) ~ 8*10° cm/cek?




[lposiBNeHne rano

[oumep CornHua: (Spergel,Press,Krauss,Freese 1985)

M, =5-60GeV og=4 10 3% cm?

O6burnue 10 “? — cywecmeeHHo !!!




BbiBOObI

CyulecTBYeT psi MEXaHU3MOB JTOKaribHOro
yBENMUYEHNS NIIOTHOCTM YacTuUL, TEMHOW MaTepumn
B CornHe4yHon cucteme.

KoamULNEHT ycuneHna nopsaka HeCKombKUX
egunHNL.

OTO Oe3yCnoBHO BaXXKHO AN1A perucrpauum
CUrHarnoB B AETEKTOpax 4YacTuL, TEMHOM
MaTepuKn, HO NOKa HEOOCTATOYHO AS1s NPSAMOro
OETEKTUPOBAHUSA TEMHOWU MaTeEPUU MO ee
rpaBUTaLMOHHOMY NPOABNEHUIO.



