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OUTLINE

Lorentz invariant (Reviews)

RW metric (Reviews)

FLRW Universe (Reviews)

Speed of  light (correct Interpretation)

A possible Solution : meVSL

Summary



Lorentz Transformation I
(Textbook review) :skip
´ Lorentz Trasformation 

´ !"
#" = 𝐴 𝐵

𝐶 𝐷
!
#

´ If 𝑥" = 0, then 𝑥 = 𝑢𝑡. Thus, 𝑥" = 𝐶𝑡 + 𝐷𝑥 = 𝐶𝑡 + 𝐷 𝑢𝑡 = 0 → 𝐶 = −𝑢 𝐷
´ If 𝑥 = 0, then 𝑥" = −𝑢𝑡. Thus, 𝑥" = −𝑢𝑡" = 𝐷 −𝑢𝑡 + 𝑥 = 𝐷 −𝑢𝑡 + 0 → 𝑡" = 𝐷𝑡

´ 𝑡" = 𝐴𝑡 + 𝐵𝑥 → 𝑡" = 𝐴𝑡 + 0 → 𝑡" = 𝐴𝑡 ∴ 𝐴 = 𝐷
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´ A combination of two LTs also must be a LT. If a a reference fram O’ moving relative to O 
with velocity u1 and a O’’ moving relative to O’ with u2 then



Lorentz Transformation II
(Textbook review) : skip

If one compares the coefficeints of single LT, then one obtains 

If one makes LT from  O to O’ and then from O’ to O back, then one obtains



Lorentz Transformation III
(Textbook review) 

LT can be written as

V is the maximum value of u to make 1 − 𝛽( ≥ 0
V doesn’t need to be specified. Its physical meaning becomes clear when one
applies LT to a specific physical phenomena (apply to EM, then V = c)  



What LTs tell us (Interpretation)

´ There exists an universal (i.e. the same for all inertial reference 
frames, IRFs) finite maximum speed, V to satisfy LTs

´ V can be any value and it depends on the theory where LTs are 
applied 

´ This can be applied to each IRF
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Minkowski space (SR) : IRF
apply LT to Lorentz metric

Physical quantities : interval
Invariant : independent 
of frame



Lorentz 
invariant

´SR is confirmed by QFT &EM at present
´Lorentz invarinace : locally (= at present) 

exact
´Spacetime interval is independent of 
frames Δ𝑠! = −𝑐!𝑑𝑡! + Δ𝐿! with ∆𝐿 =
∆𝑥! + ∆𝑦! + ∆𝑧!

´ Null interval (∆𝑠!= 0): events in 
Minkowski spacetime are connected by 
signals moving at light velocity 𝑣 ≡ ∆#

$%
=

𝑐 (division instead of derivative)
´ c is same in any IRF : (how about c in 

non-IRF)



RW metric (Hom + Iso)  (textbook : Islam, p.37-59 )

´ Universe appears to be homogeneous & isotropic around us on 
scales of more than a 100 Mlyrs

´ On this scale, density of galaxies is same and all directions from us appear to be 
equivalent = cosmological principle

´ The universe looks the same from all positions in sapce at a particular time
´ The given 𝐭𝐤 : well defined in Newtonian physics & SR, but not in GR
´ To define a moment of time in GR which is valid globally, a particular set of 

circumstances are necessary, which are satisfied by a hom + iso Universe = 
RW metric

´ This makes cosmology as a science. One can study the entry history of the 
Universe. 



Textbooks (Skip)



RW metric (Hom + Iso) : Review

´ A set of spacelike 
hypersuraces orthogonal 
to cosmic time t : IRF

´ 𝑑𝑠89 = −𝑐9𝑑𝑡9 + 𝑎(𝑡8)9𝑑𝑙9 : 
RW metric at 𝐞𝐚𝐜𝐡 𝐭𝐤

´ Null interval : 𝑐 = 𝑎(𝑡8)
;<
;=

´ At the given 𝐭𝐤, c is a constant 

´
;<
;= is always constant at any 
given time

c0t0
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c[a[t]]t

LLF

(t0, t0 + dt)

Textbooks : Islam p.37-59, Guidry p.365-376, 
Yvonne p.157-162 



Minkowski space at each t 
(so-called Weyl postulate)

To define `a particular time’ in GR, we introduce a series of non-intersectiong spacelike hypersurface where
all galaxies lie on the hypersurface. This hypersurface is the surface of simultaneity of the local Lorentz frame 
of any galaxy. 

This is the textbook definition of RW metric :
Islam p.37-59, Guidry p.366, Stephani p.352 etc  



REVIEWS

´ So far, we show no new facts

´ If one is still confused, then one just needs to read the definition of RW metric again

´ Existence of a global time, with local LF at each given moment

´ Hom + Iso = maximally symmetric 3-d spatial surface : constructed from constant spatial 
metric not including its derivatives : 

´ Three space given by 

´ 4D metric 



FLRW Universe
(Need the 
correct 
interpretation)

´ By solving Einstein’s field eq : expanding Univ
´ 𝑎 𝑡9 > 𝑎 𝑡> if 𝑡9> 𝑡>
´ Speed of light : 𝑐 = 𝑎(𝑡8)

;<
;=

´ The distance need to be traveled by a light 
increases as a(k) increases (Expanding of the 
Universe requires the increasing the value of c)

´ Then c at 𝑡9 , 𝑡> are inequal
´ What’s wrong ? & How to solve this problem?
´ Ignore or overlook because 𝑑𝑠9 = −𝑐9𝑑𝑡9 +
𝑎(𝑡)9𝑑𝑙9

´ RW metric (1935), Friedmann eq (1922,1924), 
Lemaitre (1927)

´ Einstein’s static univ : �̇� = �̈� = 0

Rewrite the interval at 𝑡) as 𝑑𝑠)( = −𝑐)(𝑑𝑡( + 𝑎(𝑡))(𝑑𝑙(



Speed of  light

´ Rewrite the interval at 𝑡) as 𝑑𝑠)( = −𝑐)(𝑑𝑡( + 𝑎(𝑡))(𝑑𝑙( instead of  𝑑𝑠( = −𝑐(𝑑𝑡( + 𝑎(𝑡)(𝑑𝑙(

´ Then from null interval : 𝑐) = 𝑎 𝑡)
*+
*!
≡ 𝑎)𝑣

´ How can do this ?  

´ 𝑥, ≡ 𝑐 𝑎 𝑡 𝑡 , 𝑑𝑥, = * -. /
* -. 0

𝐻𝑡 + 1 𝑐𝑑𝑡 ≡ �̃�𝑑𝑡

´ Correct RW interval :𝑑𝑠)( = −�̃�)(𝑑𝑡( + 𝑎(𝑡))(𝑑𝑙(

´ VSL : �̃�) = 𝑎 𝑡)
*+
*!
≡ 𝑎)𝑣 : ok 

´ This is nothing new but we already use 𝑇), 𝑃), etc

´ One cannot specify the form of  c[a] : various possible models. But should satisfy isotropy and 
homogeneity



Can be cured by new defintion of time?
T = c[t]t (Skip)



Adiabatic 
Expansion I

´ If only c varies as a function of scale factor “a”, 
then heat flow will break isotropy

´ Thus, need adiabatic condition to keep hom + 
iso

´ 𝜀K =
L!

>M
8"N#

$

OℏQ̃ % ≡ 7𝜎K𝑇KR , 𝑃K =
>
S 𝜀K

´ Adiabaticity : 𝑑𝑄 =
𝐸K𝑑 ln 7𝜎K = 0 → Aℏ = AℏT𝑎UV/R for �̃� = �̃�T𝑎V/R
and D𝑘X = D𝑘XT (One possible model)

´ This is minimally extended Varying speed of Light 
(meVSL) : arXiv:2011.09274 



Adiabatic 
Expansion II



meVSL
(arXiv:2011.092
74 and series
2101.09862,210
4.09690,2108.0
96902110.0880
9)

´Consequence

´ 𝐷! ,
"
#
, 𝑧 (redshift)are same as 

traditional method (TM)
´𝐷$, H are different from TM
´No effect on BBN
´Effect on CMB, SL



So Far I

No, Minkowski spacetime is the special cases when a(t)s = constants

No, the RW metric is true at each t slice, there’s no global conformal factor in RW metric as shown in Eq.(36) and (37)



So Far II



So Far III Referee’s report of JKPS



Preprints



Summary
´ Cosmic time = proper time
´ The value of  c in a IRF determined by maximum distance travelled by a 

massless particle at a given time (If  the distance need to be traveled 
increases, then the value of  c is also increased) 

´ c should vary as a function of  “a” in order to make RW metric consistent 
with Hom+Iso  

´ Other quantities (and/or constants) also need to evolve as a function of  
“a” in order to keep isotropy. (adiabatic expansion)

´ Hom + Iso = observational assumption. c[a] is output of  this assumption 
with expansion of  the Univ.

´ Static Univ :  c = constant
´ 'Everyone is entitled to his own opinion, but not to his own facts.'



Future works

´Need to specify c as a function of  the scale factor a[t]
´Any mechanism for this ? RW metric is not , Need new 

explanation
´Need to solve Einstein eqs properly. Traditional methods are 

approximations.
´ Tensions between geometric and dynamical quantities 

might be solved
´ Non-minimally extended models?
´ Need Perturbations (using so-callled geometrical clocks 

method)


