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Гравитация: что мы о ней 
(не) знаем?



Немного истории



Законы Кеплера:
1 Планеты 
двигаются по 
эллипсам

2 Площадь, 
которая 
заметается 
линией, 
соединяющей 
планету и Солнце, 
за одинаковое 
время, одинакова

3 Отношение квадратов периодов обращения 
планет равно отношению кубов длин 
главных полуосей их орбит 





“Небольшая” проблема: аномальная прецессия 
перигелия Меркурия



“Небольшая” проблема: аномальная прецессия 
перигелия Меркурия



Попытки объяснения:

Новая планета ВУЛКАН. 
Ранее блестяще использовано для предсказания 
существования Нептуна (позже Плутона). 

Многочисленные свидетельства “открытия” 
Вулкана

НО 
все они не подтвердились ...



Правильное объяснение:

Гравитация = искривление 
пространства-времени

ds2 = gµ�(x)dxµdx�



Предсказания ОТО 
и их проверка
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Гравитационное красное смещение
Pound, Rebka, 1959
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1959- сегодня: прецизионные тесты ОТО

• лабораторные наземные эксперименты
• эксперименты в космосе 
• точные наблюдения за движением планет

• слежение за космическими аппаратами
• глубокая астрономия (пульсары, галактики 
скопления, квазары, ...)

• космологические обзоры 
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From these beginnings, the general theory of relativity has been verified at ever higher accuracy and presently it
successfully accounts for all data gathered to date. The true renaissance in the tests of general relativity began in
1970s with major advances in several disciplines notably in microwave spacecraft tracking, high precision astrometric
observations, and lunar laser ranging (LLR). Thus, analysis of 14 months’ worth of data obtained from radio ranging
to the Viking spacecraft verified, to an estimated accuracy of 0.1%, the prediction of the general theory of relativity
that the round-trip times of light signals traveling between the Earth and Mars are increased by the direct effect
of solar gravity [9, 10]. The corresponding value for Eddington’s metric parameter3 γ was obtained at the level
of 1.000 ± 0.002. Spacecraft and planetary radar observations reached an accuracy of ∼0.15% [12]. Meanwhile,
very long baseline interferometry (VLBI) has achieved accuracies of better than 0.1 mas, and regular geodetic VLBI
measurements have frequently been used to determine the space curvature parameter γ. In fact, analyses of VLBI
data yielded a consistent stream of improvements resulting in γ = 0.99983 ± 0.00045 [13] or the accuracy of better
than ∼0.045% in the tests of gravity. LLR, a continuing legacy of the Apollo program, provided improved constraint
on the combination of parameters 4β−γ−3 = (4.0±4.3)×10−4, leading to the accuracy of ∼0.011% in verification of
general relativity via precision measurements of the lunar orbit [14, 15, 16]. Finally, microwave tracking of the Cassini
spacecraft on its approach to Saturn improved the measurement accuracy of the parameter γ to γ−1 = (2.1±2.3)×10−5

[17], reaching the current best accuracy of ∼0.002% provided by the tests of gravity in the solar system (see Fig. 1).

FIG. 1: The progress in improving the knowledge of the PPN
parameters γ and β via experiments conducted in the solar sys-
tem in the last three decades. So far, general theory of relativity
survived every test [3], yielding γ − 1 = (2.1 ± 2.3) × 10−5 [17]
and β − 1 = (1.2 ± 1.1) × 10−4 [15].

To date, general relativity is also in agreement with
the data from the binary and double pulsars. In fact,
recently a considerable interest has been shown in
the physical processes occurring in the strong gravi-
tational field regime with relativistic pulsars providing
a promising possibility to test gravity in this qualita-
tively different dynamical environment. While, strictly
speaking, the binary pulsars move in the weak gravi-
tational field of a companion, they do provide preci-
sion tests of the strong-field regime [18]. This becomes
clear when considering strong self-field effects which are
predicted by the majority of alternative theories. Such
effects would, for instance, clearly affect the pulsars or-
bital motion, allowing us to search for these effects and
hence providing us with a unique precision strong-field
test of gravity. An analysis of strong-field gravitational
tests and their theoretical justification was presented in
[19]. By measuring relativistic corrections to the Kep-
lerian description of the orbital motion, the recent anal-
ysis of the data collected from the double pulsar sys-
tem, PSR J0737-3039A/B, found agreement with the
general relativity within an uncertainty of ∼ 0.05% in
measuring post-Kepplerian orbital parameters of the
pulsar at a 3σ confidence level [20], the most precise
pulsar test of gravity yet obtained. As a result, both
in the weak field limit (as in our solar system) and
with the stronger fields present in systems of binary
pulsars the predictions of general relativity have been
extremely well tested locally.

It is remarkable that even after over ninety years since general relativity was born, the Einstein’s theory has survived
every test [21]. Such a longevity and success made general relativity the de-facto “standard” theory of gravitation for
all practical purposes involving spacecraft navigation and astrometry, and also for astronomy, astrophysics, cosmology
and fundamental physics [3]. However, despite a remarkable success, there are many important reasons to question
the validity of general relativity and to determine the level of accuracy at which it is violated.

On the theoretical front, the problems arise from several directions, most dealing with the strong gravitational field
regime; this includes the appearance of spacetime singularities and the inability of classical description to describe the

3 To describe the accuracy achieved in the solar system experiments, it is useful to refer to the parameterized post-Newtonian (PPN)
formalism [11] (see Sec. II B). Two parameetrs are of interest here, the PPN parameters γ and β, whose values in general relativity are
γ = β = 1. The introduction of γ and β is useful with regard to measurement accuracies.
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FIG. 4: The progress in the tests of the EP since the early 1900s [3].

Remarkably, but EP has been (and still is!)
a focus of gravitational research for more than
four hundred years [16] (see Fig. 4). Since the
time of Galileo (1564-1642) it has been known
that objects of different mass and composition
accelerate at identical rates in the same gravi-
tational field. In 1602-04 through his study of
inclined planes and pendulums, Galileo formu-
lated a law of falling bodies that led to an early
empirical version of the EP. However, these fa-
mous results would not be published for another
35 years. It took an additional fifty years be-
fore a theory of gravity that described these and
other early gravitational experiments was pub-
lished by Newton (1642-1727) in his Principia in
1687. Newton concluded on the basis of his sec-
ond law that the gravitational force was propor-
tional to the mass of the body on which it acted,
and by the third law, that the gravitational force
is proportional to the mass of its source.

Newton was aware that the inertial mass mI appearing in his second law F = mIa, might not be the same as the
gravitational mass mG relating force to gravitational field F = mGg. Indeed, after rearranging the two equations
above we find a = (mG/mI)g and thus, in principle, materials with different values of the ratio (mG/mI) could
accelerate at different rates in the same gravitational field. He went on testing this possibility with simple pendulums
of the same length but different masses and compositions, but found no difference in their periods. On this basis
Newton concluded that (mG/mI) was constant for all matter, and by a suitable choice of units the ratio could always
be set to one, i.e. (mG/mI) = 1. Bessel (1784-1846) tested this ratio more accurately, and then in a definitive
1889 experiment Eötvös was able to experimentally verify this equality of the inertial and gravitational masses to an
accuracy of one part in 109 [71].

Today, more than three hundred and twenty years after Newton proposed a comprehensive approach to studying
the relation between the two masses of a body, this relation still continues to be the subject of modern theoretical
and experimental investigations. The question about the equality of inertial and passive gravitational masses arises
in almost every theory of gravitation. Nearly one hundred years ago, in 1915, the EP became a part of the foundation
of Einstein’s general theory of relativity; subsequently, many experimental efforts focused on testing the equivalence
principle in the search for limits of general relativity. Thus, the early tests of the EP were further improved by [72] to
one part in 1011. Most recently, a University of Washington group [73, 74] has improved upon Dicke’s verification of
the EP by several orders of magnitude, reporting (mG/mI −1) = 1.4×10−13, thereby confirming Einstein’s intuition.

Back in 1907, using the early version of the EP [1] Einstein was already able to make important preliminary
predictions regarding influence of gravity on light propagation; thereby, making the next important step in the
development of his theory. He realized that a ray of light coming from a distant star would appear to be attracted
by solar mass while passing in the proximity of the Sun. As a result, the ray’s trajectory will be bent twice more
in the direction towards the Sun compared to the same trajectory analyzed with the Newton’s theory. In addition,
light radiated by a star would interact with the star’s gravitational potential, resulting in the radiation being slightly
shifted toward the infrared end of the spectrum.

About 1912, Einstein began a new phase of his gravitational research, with the help of his mathematician friend
Marcel Grossmann, by phrasing his work in terms of the tensor calculus of Tullio Levi-Civita and Gregorio Ricci-
Curbastro. The tensor calculus greatly facilitated calculations in four-dimensional space-time, a notion that Einstein
had obtained from Hermann Minkowski’s 1907 mathematical elaboration of Einstein’s own special theory of relativity.
Einstein called his new theory the general theory of relativity. After a number of false starts, he published the definitive
form of the field equations of his theory in late 1915 [2]. Since that time, physicists have struggled to understand and
verify various predictions of general theory of relativity with ever increasing accuracy.

A. Tests of the Equivalence Principle

The Einstein’s Equivalence Principle (EP) [15, 16, 28] is at the foundation of general theory of relativity; therefore,
testing the principle is very important. The EP includes three hypotheses:

i) Universality of Free Fall (UFF), which states that freely falling bodies do have the same acceleration in the same

Современный статус: примеры

Из С.Г. Турышев, Ann. Rev. Nucl. Part. Sci. 58 (2008) 207



Современный статус: непрямое наблюдение 
гравитационных волн

4 Weisberg & Taylor

Figure 1. Orbital decay of PSR B1913+16. The data points indicate
the observed change in the epoch of periastron with date while the
parabola illustrates the theoretically expected change in epoch for a
system emitting gravitational radiation, according to general relativity.

Из Weisberg, Taylor (2004)

Hulse, Taylor (1975)
Нобелевская премия 1993
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Эйнштейн (1912) (не ОТО), Нордстрем (1912),  
Нордстрем (1913), Ейнштейн-Фоккер (1914), Уайтхед (1922), 
Бирхофф (1943), Милне (1948), Тири (1948),  
Папапетроу (1954), Жордан (1955), Литлвуд-Бергман (1956), 
Бранс-Дике (1961), Йилмаз (1962),  Витроу-Мордух (1960, 
1965), Пейдж-Тапер (1968),  Бергман (1968), 
Дезер-Лоран (1968), Нордведт (1970), Вагонер (1970), 
Боллини и др. (1970), Розен (1971),  Ни (1972, 1973), 
Ли-Лайтман-Ни (1974), Беллинфанте-Свайхарт (1975), 
Бекенштейн (1977), Баркер (1978), Коулман (1983), ...

Результат: 
принятие ОТО за основу при описания гравитационных 
явлений (использование в индустрии: GPS, Глонасс) 

исключение альтернативных теорий:
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Но не всех ...

исключение альтернативных теорий:



Планы на ближайшее будущее:

• уточнение существующих измерений
• прямое наблюдение гравитационных волн
• непосредственное наблюдение сверхмассивных 
черных дыр в центрах галактик

• использование слабого гравитационного 
линзирования для определения распределения 
плотности вещества во Вселенной



Небольшие (?) 
проблемы ОТО 



Кривые вращения галактик

v

ОТО дает:

v =
�

GM

R
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Противоречит наблюдениям:

Нужна темная материя, взаимодействующая с 
обычным веществом лишь гравитационно



ОТО позволяет вычислить темп расширения 
Вселенной, если известно, чем она наполнена 

Нужны “стандартные свечи”, чтобы связать скорость 
(красное смещение) с расстоянием (видимая 
светимость) 

Подходящие объекты -
сверхновые типа 1а

получаем теоретическую формулу, 
предполагая, что Вселенная заполнена 
холодной материей



Riess et al. (1998)
Perlmutter et al. (1999)
Нобелевская премия 2011

Противоречит наблюдениям:
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Calan/Tololo 
(Hamuy et al,  
A.J. 1996)

Supernova 
Cosmology 
Project
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Из Perlmutter et. al (2011)

zredshift

Нужна темная энергия (           ). 
Простейший вариант -- энергия вакуума

p < 0



Наше современное представление о Вселенной

... она сделана неизвестно из чего ...



Наше современное представление о Вселенной

... она сделана неизвестно из чего ...

... или мы не понимаем законов гравитации 
на больших расстояниях ...



Гравитация и кванты: 
ОТО нужна замена 



Почему гравитацию нужно квантовать ?
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плохой аргумент



Почему гравитацию нужно квантовать ?

• все поля квантовые, и гравитация должна быть 
квантовой  

• электрон в суперпозиции состояний, значит и его 
гравитационное поле в суперпозиции

плохой аргумент



Почему гравитацию нужно квантовать ?

• все поля квантовые, и гравитация должна быть 
квантовой  

• электрон в суперпозиции состояний, значит и его 
гравитационное поле в суперпозиции

плохой аргумент

лучше, но у нас нет возможности измерить 
гравитационное поле одного электрона



Схема эксперимента для подтверждения 
квантовой природы гравитации Page & Geiker (1981)

радиоактивный 
элемент счетчики Гейгера

процессор

крутильные 
весы

грузы

грузы



Неполнота ОТО
Попытка измерить расстояния меньше

приводит к коллапсу в черную дыру

lp =
�

G�
c3
� 10�33см

Необходимо знать, что происходит при 
экстремальных плотностях для понимания

• начала Вселенной
• окончания гравитационного коллапса

экстремально малые расстояния = экстремально 
высокие плотности



Необходимо отказаться от каких-то постулатов

• отсутствие непрерывного 
пространства-времени

пространственно
-временная пена

дискретная 
геометрия

теория струн

• отказ от симметрий (например, симметрии Лоренца)

• другие варианты ...
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LIGO

VIRGO

GEO 600

LIGO

Гравитационные интерферометры

�gµ� < 10�23 �l < 10�18 см

10�13Для сравнения: размер атомного ядра            см


