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Scale Invariance and Physical Reality

Einstein GR and Weyl Integrable Geometry.

Weyl Integrable Geometry and Dirac co-Calculus
Cosmology in the Scale Invariant Vacuum (SIV) gauge

Motivation

Scale Invariance and Physical Reality.

The presence of a scale is related to the existence of physical connection and causality.

@ The laws of physics (formulae) change upon change of scale!

- Consistent units is paramount for dimensional estimates.
- Presence of a scale is closely related to the material content.
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Motivation

Scale Invariance and Physical Reality.

The presence of a scale is related to the existence of physical connection and causality.

@ The laws of physics (formulae) change upon change of scale!
- Consistent units is paramount for dimensional estimates.
- Presence of a scale is closely related to the material content.
@ Nevertheless, an empty Universe would be scale invariant!

- Maxwell equations are scale invariant in vacuum.
- The field equations of General Relativity are scale invariant for
empty space and zero cosmological constant.
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Motivation

Scale Invariance and Physical Reality.

The presence of a scale is related to the existence of physical connection and causality.

@ The laws of physics (formulae) change upon change of scale!
- Consistent units is paramount for dimensional estimates.
- Presence of a scale is closely related to the material content.
@ Nevertheless, an empty Universe would be scale invariant!

- Maxwell equations are scale invariant in vacuum.
- The field equations of General Relativity are scale invariant for
empty space and zero cosmological constant.

@ What amount of matter is sufficient to kill scale invariance?

- How about Cosmology and the evolution of the Universe?
- The problem of scales is related to the existence of physical
connection and causality.
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Motivation

Einstein GR and Weyl Integrable Geometry.

@ In GR metric-compatible connection guarantees 6 H7H =0
along a geodesic.
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Motivation

Einstein GR and Weyl Integrable Geometry.

@ In GR metric-compatible connection guarantees 6 H7H =0
along a geodesic.

@ Could the Dark Matter and Dark Energy phenomena be
artifacts of non-zero & HVH but often negligible & HVH ~0
and almost zero value, that accumulate over cosmic distances?
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Motivation

Einstein GR and Weyl Integrable Geometry.

@ In GR metric-compatible connection guarantees 6 H7H =0
along a geodesic.

@ Could the Dark Matter and Dark Energy phenomena be
artifacts of non-zero & HVH but often negligible & HVH ~0
and almost zero value, that accumulate over cosmic distances?

o In Weyl Integrable Geometry ¢ & H7H =0 along a closed loop
- this defeats the Einstein objection!
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Motivation

Einstein GR and Weyl Integrable Geometry.

@ In GR metric-compatible connection guarantees 6 H7H =0
along a geodesic.

@ Could the Dark Matter and Dark Energy phenomena be
artifacts of non-zero & HVH but often negligible & HVH ~0
and almost zero value, that accumulate over cosmic distances?

o In Weyl Integrable Geometry ¢ & H7H =0 along a closed loop
- this defeats the Einstein objection!

@ Not implementing re-parametrization invariance in a model
could lead to un-proper time parametrization [14] that seems
to induce “fictitious forces” in the equations of motion similar
to the forces derived in the weak field SIV regime.

talk by V.G. Gueorguiev at SW14 on May 9th The SIV Paradigm - results and progress



Scale Invariance and Physical Reality

Einstein GR and Weyl Integrable Geometry.

Weyl Integrable Geometry and Dirac co-Calculus
Cosmology in the Scale Invariant Vacuum (SIV) gauge

Motivation

Weyl Integrable Geometry and Dirac co-Calculus [2, 3].

o Weyl Geometry uses gy along with ky, and a scalar field 1.
@ Covariant derivatives based on Dirac co-calculus.
@ In the Weyl Integrable Geometry k, = —dy In(1).
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Scale Invariance and Physical Reality
Einstein GR and Weyl Integrable Geometry.
Weyl Integrable Geometry and Dirac co-Calculus

Motivation

Cosmology in the Scale Invariant Vacuum (SIV) gauge

Weyl Integrable Geometry and Dirac co-Calculus [2, 3].

o Weyl Geometry uses gy along with ky, and a scalar field 1.
o Covariant derivatives based on Dirac co-calculus.

@ In the Weyl Integrable Geometry k, = —dy In(1).

Gauge change & derivatives. Einstein GR frame' otherwise WIG.

(*]
(*]
]
(]
("]
(*]

I'= A(x)l & ds' = Ads = g/, = A%guv,

co-tensor of power n: Yj, — A"Yyy,

derivative of co-scalar of power n: S, =duS —nk,S,

for co-vector of power n: A,y = duAy — nky Ay —* F%Aa,
for co-co-vector of power n: Axﬂ =y AV —nkVA, +* I_fmAa,
where I, =)o + 8uak” — &) ka — 8y ku-
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Scale Invariance and Physical Reality

Einstein GR and Weyl Integrable Geometry.

Weyl Integrable Geometry and Dirac co-Calculus
Cosmology in the Scale Invariant Vacuum (SIV) gauge

Motivation

Ricci tensor and the Einstein Equation

First in 1973 by Dirac [3] and then in 1977 by Canuto et al. [4]

Ricci tensor and scalar in Weyl and Einstein' frames:

= RLV — Kyov — Kyip — 2K, Ky + 28y K Kq —guvic.“a , (1)

R = R'+6x%Kq — 6K, (2)
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Ricci tensor and the Einstein Equation

First in 1973 by Dirac [3] and then in 1977 by Canuto et al. [4]

Ricci tensor and scalar in Weyl and Einstein' frames:

= R;’w — Kuiy — Kyip — 2Ku Ky + 28uv K Ko — Buv K5, (1)
R=R'+6x%,—6Kk%.  (2)

The Einstein equation:

1
Ruv — 2 guvR = —81GTyy —Nguy, (3)

1
v~ 5 Buv R’ — Ky — Ky — 2Ku Ky +28uv kg — guvK“ Ko =
—87'L'GTI_W = szEguv . (4)
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Scale Invariance and Physical Reality

Einstein GR and Weyl Integrable Geometry.

Weyl Integrable Geometry and Dirac co-Calculus
Cosmology in the Scale Invariant Vacuum (SIV) gauge

Motivation

Scale Invariant Vacuum gauge (T=0 and R'=0) Maeder [5]

Definition

In Einstein GR vacuum T,y =0 and Ry, =0, thus:

K[.L,V+KV,[J+2KHKV_2g[.LVK,?1 +g“vK'aKa :/\g‘uv (5)
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Scale Invariant Vacuum gauge (T=0 and R'=0) Maeder [5]

In Einstein GR vacuum T,y =0 and Ry, =0, thus:

K”'v+Kv'“+2K“KV_2g“\/K’aa +g’J_vK'aKa :Ag“v (5)

Corollary derived in 2017 by Maeder [5]

For homogeneous and isotropic WIG-space d;A = 0; therefore, only

Ko = —/;L/ﬂL and its time derivative Ky = —Kg can be non-zero.
2 i A
3ﬁ_l\7 and 2I_ﬁ_/\7 (6)
IRV LIN B LR
or I_2ﬁ’ and 1 273 (7)

talk by V.G. Gueorguiev at SW14 on May 9th The SIV Paradigm - results and progress



Scale Invariance and Physical Reality

Einstein GR and Weyl Integrable Geometry.

Weyl Integrable Geometry and Dirac co-Calculus
Cosmology in the Scale Invariant Vacuum (SIV) gauge

Motivation

SIV based Cosmology: first in 1977 by Canuto et al. [4] then in 2017 by Maeder [5]

Corollary

The FLRW equations within the Weyl Integrable Geometry:

8nGp _ k & ia A2 AgA2

3 2t2 e s (8)
k )i 2 al A2
~87Gp=— +2 +2A+ +4al 12 —NgA2. (9)

In SV gauge the cosmological constant disappears:

8nGp k& _ak

242 402 1
3 32+ 2" al’ (10)

k 2 Al
~8nGp=— +2° +a 422 (11)
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Comparing the scale factor a(t) within ACDM and SIV.
Application to Scale-Invariant Dynamics of Galaxies
Growth of the Density Fluctuations within the SIV
SIV and the Inflation of the Early Universe.

Comparing ACDM and SIV cosmology models [5, 6].

Differences between the models declines for increasing matter densities.

Figure 1: Expansion rates a(t) as a function of time t in the flat (k =0) ACDM and
SIV models in the matter dominated era. The curves are labeled by the values of Q.
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Comparing the scale factor a(t) within ACDM and SIV.
Application to Scale-Invariant Dynamics of Galaxies
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SIV and the Inflation of the Early Universe.

Comparing MOND and the SIV model to the data [7].

MOND deviates significantly for the data on the Dwarf Spheroidals.

T T T T T T Radial Acceleration Relation

Comparison of the RAR with & b3 (RAR) of gobs and gy, for the

SIV theory and MOND i i .
galaxies studied by Lelli et al.

(2017). The big green hexagons
7 represent the binned data of the
dwarf spheroidals. The blue
curve shows the relation
predicted by the SIV (20). The
red curve gives the MOND

log gy, [M s2]

- L 1 1 1 1 1 . .
1?14 13 12 11 10 ) s relation, while the orange curve

shows the 1:1-line.

Figure 2: Dwarf Spheroidals, MOND, and SIV (20).
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SIV and the Inflation of the Early Universe.

Density fluctuations grow fast enough within the SIV [8].

The overall slope is independent of the choice of recombination epoch.

T T
w b .
Qo
o
Different values of n
- n=53,21
-2}
-3k
EdS model
4 Dotted lines:
B initial z=3000 and
2=500 for n=2.
-5 7 i L 1 1
3.0 25 2.0 15 1.0 0.5
log (1+2)

Figure 3: The growth of density fluctuations for different values of parameter n (the
gradient of the density distribution in the nascent cluster), for an initial value § = 1073
at z=1376 and Q, =0.10. The initial slopes are those of the EdS models. The two
light broken curves show models with initial (z+1) = 3000 and 500, with same

Qn =0.10 and n=2. These dashed lines are to be compared to the black continuous
line of the n=2 model. All the three lines for n = 2 are very similar and nearly parallel:



Comparing the scale factor a(t) within ACDM and SIV.
Application to Scale-Invariant Dynamics of Galaxies
Growth of the Density Fluctuations within the SIV
SIV and the Inflation of the Early Universe.

Cosmological constant & the vacuum energy density [9].

Using the SIV equations (6) or (7) with N = A2Ng then one has:

A2 dNg __
AE = 3?’ and Tt“E =0.
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Cosmological constant & the vacuum energy density [9].

Theorem
Using the SIV equations (6) or (7) with N = A2Ng then one has:
Ne :3%, and % =0.
Corollary

In cosmic-time units the solution of the SIV equations is: A = to/t.
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Cosmological constant & the vacuum energy density [9].

Theorem
Using the SIV equations (6) or (7) with N = A2Ng then one has:

A2 dNg __
AE = 3?’ and TtE =0.

Corollary

In cosmic-time units the solution of the SIV equations is: A = to/t.

Definition

The vacuum energy density p, by using C =3/(4nG), is then:

P=816 = "P =" 812G 8aGA2 2P 2

Connecting to inflation via y = —A /A or y e In(t) in SIV gauge.




Comparing the scale factor a(t) within ACDM and SIV.
Application to Scale-Invariant Dynamics of Galaxies
Growth of the Density Fluctuations within the SIV
SIV and the Inflation of the Early Universe.

The SIV based Inflation has a graceful exit!

Standard inflation
[10, 11, 12, 13];

pl-jrevio, @

| Hin | < H25. (13)
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The SIV based Inflation has a graceful exit!

Standard inflation Would the SIV satisfy (13)7:
[10, 11, 12, 13]: C =3/(4nG)

1[./:—1/),, (PH\/ZW,

P11,
} =29 VO WL i), uy) - genv.

p

| Hin | < H25. (13)
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The SIV based Inflation has a graceful exit!

Standard inflation Would the SIV satisfy (13)7:
[10, 11, 12, 13]: C =3/(4nG)

1[./:—1/),, (PH\/EI[/,

P11,
} =29 VO WL i), uy) - genv.

p

| Hin | < H25. (13)

The critical ratio (13) for the occurrence of inflation within SIV:

| Fun | 3(u+1)
Hj%ﬂ g(“+2)

tH 2« 1for p<—2, and t < tg=1. (14)

Graceful exit from inflation at t ~ ¢/ 3(’,’1f1) with n=—u—2>0.
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Summary

Summary

@ The SIV cosmology is a viable alternative to ACDM.
— In SIV gauge (10) the cosmological constant disappears.
— Diminishing differences at higher densities (Fig. 1) [5, 6].
— SIV gives the correct RAR for dwarf spheroidals (Fig.2) [7].
— SIV has fast growth of the density fluctuations (Fig.3) [8].
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@ The SIV cosmology is a viable alternative to ACDM.
— In SIV gauge (10) the cosmological constant disappears.
— Diminishing differences at higher densities (Fig. 1) [5, 6].
— SIV gives the correct RAR for dwarf spheroidals (Fig.2) [7].
— SIV has fast growth of the density fluctuations (Fig.3) [8].

e Early inflation is natural within the SIV cosmology [9]!
— It exhibits a graceful exit from inflation (14).

talk by V.G. Gueorguiev at SW14 on May 9th The SIV Paradigm - results and progress



Summary

Summary

@ The SIV cosmology is a viable alternative to ACDM.
— In SIV gauge (10) the cosmological constant disappears.
— Diminishing differences at higher densities (Fig. 1) [5, 6].
— SIV gives the correct RAR for dwarf spheroidals (Fig.2) [7].
— SIV has fast growth of the density fluctuations (Fig.3) [8].

e Early inflation is natural within the SIV cosmology [9]!
— It exhibits a graceful exit from inflation (14).

@ Other research directions

— Primordial Nucleosynthesis - on hold at the moment!
— Testing SIV cosmology against ACDM successes - CMB etc.
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The Weak Field Approximation and RAR within SIV
The growth of the density perturbation within SIV
References Inflation related equations within SIV

Fictitious accelerations in un-proper time parametrization

The Weak Field Approximation (WFA) within SIV

The equation of the geodesics Dirac, 1973 [3] (u* = dx*/ds)

dut
us:O:>%+*R’;uvu”+1€vuvu“zo. (15)

Derivable from an action by Bouvier & Maeder in 1978:

3,52/:76(d§):/5(ﬁds):/5(ﬁﬁ) dt=0.  (16)
Po
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The Weak Field Approximation (WFA) within SIV

The equation of the geodesics Dirac, 1973 [3] (u* = dx*/ds)

d
uby, = O:>di+*1}‘;,uvup+1<vu"u”:0. (15)

Derivable from an action by Bouvier & Maeder in 1978:

Sﬂ:jIS(dE):/S(ﬁds):/é(BZi) dt=0.  (16)
Po

WFA: where i € 1,2,3, while the potential ® = GM/r is scale invariant.

;  1ldgoo 109
s — — = 2 g = —— = — .
8ii 17 800 1+2¢/C :>1—60 2 aX’ C2 aXI7
d?7r GMr dr
- _ _ 1
dt? r2 r+K()dt )
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Towards the Radial Acceleration Relation (RAR) [7]

Ration of the correction term kp(t) v to the usual Newtonian term:

. Kovr?  Hovr® @(rgobs)l/2 8obs — Bbar (18)
GM 5 GM 5 8bar 8bar

Explicit scale invariance by cancelling the proportionality factor:

(gobs—gbar) ,<gobs—gbar> _ (gobs,2>1/2 <gbar,1> )
8Bbar 2 ' 8bar 1 8obs, 1 8bar,2
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Towards the Radial Acceleration Relation (RAR) [7]

Ration of the correction term kp(t) v to the usual Newtonian term:

o KoV r? _ Ho v r? _ Ho (r gops) /2 _ Bobs — Gbar
GM é GM 8bar 8bar

(18)

)

Explicit scale invariance by cancelling the proportionality factor:

(gobs—gbar> ,<gobs—gbar> _ (gobs,2>1/2 <gbar,1> )
8bar 2 ) 8bar 1 8obs, 1 8bar,2

RAR: where g = gobs2, gv = 8bar2, and k = k(1 are the system-1 terms.

g g1/2

k2 1
—l=ky=—— =g =an+ 5 t5V4enk>+k*, (20)
&N 8N 2 2

when gny > k® g — gn,butgy — 0, theng — k. (21)
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Continuity, Poisson, and Euler Equations within the SIV [8]

Continuity, Poisson, & Euler Equations (

+V(p?):1<[p+?-§p} , V2 = Ad = 4nGp, (22)

. . 1-
v-v) V=Vo- Vpriv.  (23)
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Continuity, Poisson, and Euler Equations within the SIV [8]

Continuity, Poisson, & Euler Equations (

a[ZJrV(pV) = K[p+?-§p} , V20 = A® =4nGp, (22)
v AV LN = e
E—E—F(V-V)V——VCD—EVP-}-KV. (23)

§+V-%=k%-V6=nk(t)§ , V>U=41Ga’p,5, (24)

.. . .S AVAllj .
X4+2HX+(X-V)x = —a—2+1<(t)?<. (25)

=6+(2H—(1+n)k)d = 4xGpyd+2nik(H—K)5.(26)
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The equation of energy conservation within SIV [5, 9]

Energy conservation within SIV:

d(pa*) 2 dA
i +3pa’ —i—(p—i—3p)l 7 =0. (27)

Equivalent form of the expression (27):

p+32(p+p)+ 7 (0 +3p) = 0. (28)

Substituting the p and p (12) within the SIV expression (28):

W+ U +3Hpg v —2(y?—U) = 0. (29)
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The condition for inflation within SIV [9]!

The Hubble parameter and its time derivative:

By using: 2 = to/t, = ~A/A, =7, U(y) = get¥ one has:
.2 U
Hinﬂ: _@_ﬁ = %_%tﬂJrl’ (30)
: L, 2U i
Hin = =7 =5 —U' =5 = —f—2gsied, (3))

The critical ratio (13) for the occurrence of inflation:

| Hinn | 3(u+1) 2

Hi%ﬂ - g(u+2) (32)
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Equivalent Lagrangians & Reparametrization Invariance [14]
Equivalent Lagrangians: same Euler-Lagrange equations of motion!
N aL aL
(x,v) = \/8uvVvHVvY, L, = L7, e <8v°‘) =—. (33)

ox“

For action Ar = [ f(L(x,v))dt there is equivalence only if L is conserved.

dpy . dL  f()=vL dpu

i
E A A T S i T
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Equivalent Lagrangians & Reparametrization Invariance [14]

Equivalent Lagrangians: same Euler-Lagrange equations of motion!

oL ) T

Li(x,v) = \/guvvHvY, L, = L1, dr(avo‘ T oxe

For action Ar = [ f(L(x,v))dt there is equivalence only if L is conserved.

dpu # IL  f(L)=vL dpu L
Pu - = 2= MOV B 5 4
dt ~ HmT P PTG dt o Pu 34)

Fictitious forces/accelerations in un-proper time parametrization:

The (un-) proper time parametrization d72 = 8ap (X, v)dx®dxP and
connection to the SIV paradigm (L = A2Lgg with Him = 0) i.e. (17):

dpu
dt
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=dyl+Kopy, where Ko=—A/A. (35)
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