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EinsteinÕs path toward General Relativity 
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! !Einstein is the first one to note that the speed of light is modified in an accelerated frame, 
equivalent to a gravitation field c (which allows to define a vacuum refractive index): 

¥! Einstein A., ÇOn the relativity principle and the conclusions drawn from it È, 
Jahrbuch fur radioact electronik 4, 411-462 (1907) 

¥! Einstein A., Ç†ber den Einfluss der Schwerkraft auf die Ausbreitung des 
LichtesÕ, Annalen der Physik 35, 898-908 (1911) 

¥! ÒThe constancy of the velocity of light can be maintained only insofar as one 
restricts oneself to spatio-temporal regions of constant gravitational 
potentialÓ   (Einstein A., Ann. Physik 38 (1912) 1059) 
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Einstein, A.  Annalen der Physik 35, 898-908 (1911) 
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Annalen der Physik - June 1911 - 
Translated by  
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! ! But in the end he generalized the Ç  È relativity principle thanks to the 
 introduction of a curved spacetime metric 

! ! General Relativity is a Ç geo-metric È theory 
! ! Vacuum has no physical role anymore  

Path to GR 

! ! So, Einstein first used the notion of vacuum refractive index and thought 
 c is affected by gravitation. 

Deflection of light first observed by Eddington in 1919, in agreement with GR 
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" !Euclidean flat metric  
" !Spatial change of "0 and µ0 induced by the gravitational potential 

! !  Modification of the vacuum optical index and inertial test mass 

! !An empirical approach initially  proposed by Wilson (1921), 
who inspired Dicke (1957) (who inspired this work # ) 

Back to Euclidian space-time and vacuum index 



H.A. Wilson, Phys. Rev. 17, 54 (1921) Dicke, Rev. Mod. Phys. 29, 363 (1957) 
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Robert Dicke: a flat metric gravitation model linked to 
vacuum fluctuations 

[É ] [É ] 
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! M c2 scales like an energy 
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�J �N �� �s
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¾ Exemple : Static sphericalgravitational field

!!

9 Euclidean flat metric

9 Spatial change of �H0 and �P0 by the gravitationalpotential

�Ÿ Modification of the vacuum opticalindex and inertial test mass

�I �N 
L �I �¶ 
H�J�7���6�:�N�; (to preservethe equivalenceprinciple)

(Wilson-DickeAnalogy)

¾ Anotherempiricalapproachinitially proposedby Wilson (1921) and Dicke (1957)

Gravitation and Vacuum

¾ �”�:� �̃; formally identical to �• 
Ù
Ùin General Relativity

�Ÿ See Landau & Lifshitz(1975) �����³A staticgravitationalfield is formally identicalto a 
medium with electricand magneticpermeabilities�Ý�4 
L �ä�4 
L �s�� �C�4�4�´
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!0%1#!  constant 
!$%2#! /3 $4"
!  varies as c 

in agreement 
with G.R. 

Redshift ÔÔˆ la DickeÕÕ viewed from the Energy side 
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! !The photon energy keeps constant during its propagation 
! !The atomic energy levels are really modified 
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!0%1#!  constant 
!$%2#! /3 $4"
!  varies as c 

Redshift ÔÔˆ la DickeÕÕ viewed from the wavelength side 
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! !The photon energy keeps constant during its propagation 
! !The ruler lengths are really modified 
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So the gamma ray is well seen as blueshifted on the lower side 
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Landau & Lifshitz, The Classical Theory of Fields, 3rd revised English version (1971)!
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Landau & Lifshitz, The Classical Theory of Fields, 3rd revised English version (1971)!
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Cosmology with a vacuum index increasing with time

�J �N 
L �s 
E
�t�)�/

�N�?�¶�6 ?

¾ 1st Dicke’s remark

�'�L�F�N�H�¶�V��idea: �s
L �J �P
L �r 
L �ì
�6�À�å �8���� �å�.

�å�Ö�. �:�å�;
�@�N

�Ÿ �J �P increases with time

¾ 2nd Dicke’s remark

e.m. wave propagating through a medium with an index increasing in time, uniformely in space

�Ÿ Frequency �Q(energy h�Q) increases with time as �å �P 
L �å�4���J�:�P�;

¥!Linked to the MachÕs principle, developped in: 
¥! Sciama, D. W. 1953. On the origin of inertia. Monthly Notices of the Royal Astronomical Society 113: 34-42 
¥! Sciama, D. W. 1964. The Physical Structure of General Relativity. Reviews of Modern Physics 36: 463-469 

¥!Cited in: Peebles, P.J.E. Robert Dicke and the naissance of experimental gravity physics, 
1957-1967, EPJ H (2017) 42: 177. 

Cosmology with a vacuum index increasing with time 
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Cosmology with a vacuum index increasing with time 

! !2nd DickeÕs remark  

     e.m. waves propagating through a medium with a uniform index 
    varying in time have the following property: 
 
 
 
 
     (simply from Maxwell equations) 

" 

F†!Frequency "  (Energy h" ) varies with time like  "( t)=" 0 / n(t) 
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Plane wave polarized along x and propagating along z, in a uniform time 
varying index n(t) 

Propagation 
equation 

Exact 
solution 
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𝜀0 𝑡 = 𝑛 𝑡 × 𝜀0,0
𝜇0 𝑡 = 𝑛 𝑟 × 𝜇0,0
𝑐 𝑡 = 𝑛−1 𝑡 × 𝑐0
𝐸𝑎𝑡𝑜𝑚 𝑡 = 𝑛−1/2 𝑡 × 𝐸𝑎𝑡𝑜𝑚,0

m 𝑡 = 𝑛3/2 𝑡 × 𝑚0

𝑒, ℏ are constant �Ÿ 𝛼 constant 

We assume :

�‡ Flat and staticmetric(x,y,z,t)  �o There is no expansion of the metric

�‡ The metric is definedby the speed of light today𝑐0 = 𝑐(𝑡 = 0)

𝑛 𝑡 = 0 = 1 and 𝑑𝑡2 = 1/𝑐02 × (𝑑𝑥2 + 𝑑𝑦2 + 𝑑𝑧2)

�‡ 𝒏(𝒕) increases with time

�‡ The relative index variation is time-independent(at least for recentepochof the Univers)

𝑑𝑛(𝑡)/𝑛(𝑡) = constant ⇒ 𝑛 𝑡 = exp(−𝑡/𝜏0)

�‡ A photon propagatesin vacuum with 𝝀 = constant, and  𝝂 𝒕 = 𝝂𝟎/𝒏(𝒕)

�‡ Spacetimemetric expansion is replacedby an increasewith time of 𝜺𝟎 and 𝝁𝟎

!"

Cosmologywith a vacuum index increasingwith time
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�ã 
L constant 
L �ã�Ø�à�Ü�æ�æ�Ü�â�á�P

�' �Ô�ç�â�à�P

Supernovae
Cosmologicaltimet = 0t<0

Telescope
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�' �Ô�ç�â�à�á�4�:reference) 
L �J�:�P�; 
H�' �Ô�ç�â�à�P 
O�' �Ô�ç�â�à�P

�ã�â�Õ�æ�Ø�å�é�Ø�×
L �ã�Ø�à�Ü�æ�æ�Ü�â�á
L
�D�?�:�P�;

�' �Ô�ç�â�à�P

�ã�å�Ø�Ù�Ø�å�Ø�á�Ö�Ø
L �ã�4 
L
�D�?�4

�' �Ô�ç�â�à�á�4

�s
E�V
L
�ã�â�Õ�æ�Ø�å�é�Ø�×

�ã�å�Ø�Ù�Ø�å�Ø�á�Ö�Ø

L

�?�:�P�;
�?�4

�' �Ô�ç�â�à�á�4

�' �Ô�ç�â�à�P

L

�s
�J�:�P�;

�J�:�P�; 
L
�s

�J�:�P�;

P �s �:�P
O�r�;

Refractiveindex increasingwith time �Ÿ Redshift 

(speed of light decreasingwith time)

�J �P 
L
�s

�s
E�V�6

�J�:�P�; � �=�:�P�;

Cosmologicalredshift
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or any other distant light source 

Origin of the cosmological redshift 



DickeÕs vaccum index cosmology 

¥!Of course this vision misses RG, Einstein equations and all that 
¥!No model for n(t) except from MachÕs principle: 
¥!Test solution n(t)=e(t/#0), t<0 in the past 

¥!But interesting to confront it with some standard cosmological probes 
¥!CMB 
¥!SN1a 
¥!É  
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Time
Redshift

Energy

2.7 K 2.7 K

13 eV

Time
Redshift

Standard Cosmology Vacuum index model

�q�½�ß �:
Ú
E� �;

Eatom

�V
L �s�r�7 �V
L �s�r�7

�J 
L �s�r�?�:

21

�q�‡�š�•�“ �ß �”�?
Ú��
Û �š 
L �:
Ú
E� �;

Evolution of the CMB

�q�½�ß �”�?
Ú �š 
L �:
Ú
E� �;
Û

13 eV

13 keV

Energy

�' �
 ���' �Ô�ç�â�à�ß �:�s
E�V�; in bothmodels
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y 
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Evolution of the CMB

The energydensity�ß�
 of the CMB radiation is �ß�
 �å �@�å
L
�z�è�D
�?�7

�å�7�@�å

�‡�š�’
�D�å

�G�»�6

F �s

�¾ Standard cosmology:

�ß�
 
L �J�
 
H�' �
 �ß �s
E�V�7 
H �s
E�V 
L �:�s
E�V�;�8

�ß�
 
L
�è�6�G�»

�8

�s�w�0�7�?�7
�6�8 �œ�6
L �s
E�V

�å
L �s
E�V �Ÿ CMB black body shapeis preserved

Energy�J: �' �
 �ß �s
E�V
Energymass of baryons �' �Õ
L constante

�¾ Cosmology with increasing index:

�' �
 �ß �J�?�5 �P 
L �s
E�V�6

�' �Õ
L �I �?�6 �ß �J�?�5���6 �P 
L �:�s
E�V�;
�Ÿ Apparent energy�J, relativelyto baryon, decreasesas �J�?�5���6 �P 
L �:�s
E�V�;

In a volume definedwith physicalrods, �J�
 �ß �J�?�7���6 �P 
L �s
E�V�7

�Ÿ The energydensity�ß�
 , relatively to baryons, decreases as �:�s
E�V�;�8, as in standard cosmology

�Ÿ If �G�» is constant (as �0), thenthe temperature(relativelyto physicaltemp.�ƒ) �6�ß �J�?�5���6 �P 
L �s
E�V, 
as in standard cosmology, and the black body spectral shape is preserved

Also �J�
 ���J�Õis constant with time
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𝑑𝐿 =  
𝑡

0
𝑐 𝑡′ 𝑑𝑡′ = 𝑐0  

𝑡

0 𝑑𝑡′
𝑛(𝑡′)

𝜇𝑚𝑒𝑠 = 𝑚𝑏 −𝑀𝑏 + 𝛼𝑋 − 𝛽𝐶 = 5𝑙𝑜𝑔10
𝑑𝐿
10 pc

Hubble diagram:  Distance modulus 𝜇𝑚𝑒𝑠 vs redshift 𝑧

X = stretch factor
C = color-band factor
a and b : global nuisance parameters

ℱ = obs. flux in the SNIa rest frame (at emission) =
ℒ

4𝜋𝑑𝐿2 1 + 𝑧 2

𝑚𝑏 = magnitude at peak = −2.5 log ℱ +𝑀𝑏 ! " = -19.25    (Richardson, AJ, 2014)

ℒ = peak luminosity

dL = luminosity distance 

𝑛 𝑡 = exp 𝑡/𝜏0 (t<0)

𝜇𝑝 = 5𝑙𝑜𝑔10 1 + 𝑧 2 − 1 + 5𝑙𝑜𝑔10
𝑐0𝜏0
10 pc

⟹ 𝑑𝐿= 𝑐0𝜏0 𝑛−1 𝑡 − 1 = 𝑐0𝜏0 1 + 𝑧 2 − 1

!"

Fit Supernovae Type Ia



𝜒2 𝛼, 𝛽, 𝜏0 = 
𝑖

𝜇𝑚𝑒𝑠,𝑖 𝛼, 𝛽 − 𝜇𝑝,𝑖 𝑧, 𝜏0
2

𝜎𝜇,𝑖2

Data from the joint analysisSDSS-II and SNLS
(Betoule et al., A&A, 2014)

�W�� � �����������“ 0.7 Gy

⟹
Δ𝑛
𝑛
= 4 10−18 s−1

𝜇𝑝 = 5𝑙𝑜𝑔10 1 + 𝑧 2 − 1 + 5𝑙𝑜𝑔10
𝑐0𝜏0
10 pc

SDSS-II+SNLS
740 SNIa
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�P

Redshift 𝑧

Our fit

(Ω𝑚= 1, ΩΛ = 0)

𝑛 𝑡 = exp 𝑡/𝜏0 (t<0)

Fit SupernovaeType Ia

R
es

id
ua

ls

�D��� �������������“ 0.004
�E��� �������������“ 0.052
�W�� � �����������“ 0.7 Gy
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�6�5���6
�	 �:�V�;

L=cte L=cte

�. 
L �6�5���6
�	 �V 
H�?�:�V�;

�¿�P�:�V�; 
L
�.
�?�4


L �6�5���6
�	 �V 
H

�?�V
�?�4


L �6�5���6
�	 �V 
H�J�?�5�:�V�;

�6�5���6
�	 �V 
L �6�5���6

�	 �V
L �r 
H�J�5���6�:�V�;
�¿�P�V 
L �¿�P�V
L �r 
H�:�s
E�V�;

�¿�P�V

Cosmologicaltime dilatation in SN-Ia

�6�5���6
�	 �ß �s���:���‡�•�–���•�‡�”�‰�›�;

L=cte
�?�:�V�; �?�4

�?�:�V�; �?�4
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Δ𝑛/𝑛 = 4 10−18 s−1
Increaseof n with time Decreaseof Eatomwith time

Δ𝐸𝑎𝑡𝑜𝑚/𝐸𝑎𝑡𝑜𝑚 = − 2 10−18 s−1 ≅ 𝐻0

Hubble flow atsmallscale(insidethe galaxycluster, solarsystem ?)

!"

Local apparent expansion ?

Ekholmet al., A&A 368, L17 (2001)

Karachentsevet al. Astron. Nachr. 366, 7, 707 (2015)

Constant Hubble Flow

The Tucanadwarf galaxy
isgravitationalyisolated



Local apparent expansion - Studies possible on close 
by objects 

¥!See for instance P. J. E. Peebles, Dynamics of the Local Group: the Outer 
Galactic Globular Star Clusters, arXiv:1708.04542v1  

¥!He developps a complete model of local matter from the measured objects between 50 kpc 
and 2.6 Mpc 

¥!Tracks back in time several globular clusters 
¥!Looks like their come from the Hubble flow 
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�9 Cosmologywith staticEuclideanmetric+ vacuum index increasingwith time

�‡ Cosmologicalredshiftof the SN-Ia well fitted by �J �P 
L �‡�š�’
F�P���ì�4
�‡ Cosmological dilatation of clocksas (1+z)

�‡ Evolution of the CMB consistent with the standard cosmology

�‡ Despitethe staticmetric, the universeis not stationary: earlyuniverseis alsohot with radiative period�«

�‡ This frameworkis differentto Çtired light È modelsand VSL

�9 This studyis obviouslynot complete. Othercosmologicalprobes as CMB anisotropies must bestudied

�Ÿ Possible variation of G with time 

�9 The observedflatenessof the Univers doesnot requireanyfine-tuningsincethe metricis Euclidean

�Ÿ Darkenergyis not required�«

�9 If �J �P 
L �‡�š�’�:
F�P���ì�4�; is true at the highestredshift, thenabsence of begining(t=0) of the Universe

�Ÿ two givenlocation is spacewerecausallyconnectedin past, which solvethe horizon problem

�9 Local apparent expansion is a possible but challengingexperimentaltest 

Conclusion

This work has been publishedin  Eur. Phys. J. C (2018) 78:444  (arXiv:1805.03503) 
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