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Long storyof varying constants theories:
H. Weyl (1919): electron radius/its gravitational radiusl0*°
A. Eddington(1935) discussed:

1. proton-to-electron mady g = m,/me ~ 1840
2. aninverse of fine structure constarity = (hc)/(2me?) ~ 137

3. electromagnetic to gravitational force between a pratmhan electron

e? /(4regGmemy,) ~ 104

4. introduced “Eddington numbetV, 4 ~ 108°

P.A.M. Dirac(1937) interesting remarks about the relations betweaniatand
cosmological quantities: I o« H(t) = (da/dt)/a, thena(t) « t*/3 and

G(t) « 1/t - fundamental constants must evolve in time

Conclusion: electromagnetic force is strong compareddwsitational since the
universe is “old” i.e.F,./F, o (e*/memy)t oc ¢ 11!
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First fully quantitative frameworkBrans-Dickescalar-tensor gravity (1961)

The gravitational constardt is associated with an average gravitational potential
(scalar field)p surrounding a given particle:

< ¢ >=GM/(c/Hpy) x1/G = 1.35 x 10°®g/cm. Thescalar field gives the
strength of gravity

|
G = 167md (1)
With the action
4 w
S= [ day=g (®R - 20,00"®+ A+ L) 2)

it relates to low-energy-effectiveuperstringheory forw = —1
String coupling constant (running) = exp (¢/2) changes in time witlp - the
dilatonand® = exp (—¢).
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Attempts Einstein (1907), Dicke (1957), J.-P. Petit (1988) (EimstHs remain
same due to fine-tuned changec@&nd(G), Moffat (1992).

Albrecht & Magueijo model (1998)AM model) (Barrow 1999; Magueijo 2003):
Introduce a scalar field

¢t = p(z*) (3)
and so the action is
B 4 (R + 2A)
S—/dx\/ g[ e + L, + Ly, (4)

AM model breaks Lorentz invariandgelativity principle and light principle) so
that there is a preferred frame (cosmological or CMB) in wuhiwe field is
minimally coupled to gravity. The Riemann tensor is comgutesuch a frame
for a constant) = ¢* and no additional term&,,1) appear in this frame (though
they do in other frameskinstein eqs remain the sararceptc now varies.
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Varying speed of lightc (VSL) theories

Magueijo covarian{conformally) andocally invariantmodel (2000, 2001):

Y = In (ﬁ) or c¢=cpe?, (5)
Co
with the action
4
| 167G
with
Ly = k(¥)V,pVHY . (7)

Further assumptiony — 5 = 4.

Interesting subcases:

a = 4; 8 = 0 - Brans-Dicke withp g p = ¢*¥ /G andk(¢) = 16wpp(¢BD)-
a = 0; 8 = —4 - minimal VSL theory.
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Varying fine structure constant(or chargee = ege(x*) theories (Webb et al.
1999, Sandvik 2002)

1
s= [dtaoy=g (R-J0,00" - e 4 Ln) @
with ¢ = Ineandf,, = eF},,.

Can be related with the VSL theories due to the definition effihe structure
constant

a=— ie. «at)= (9)

Assume linear expansiarY = 1 — 87G((¢ — 1) = 1 — Aa/a with the
constraint on the local equivalence principle violen¢g< 1072, The relation to
dark energy i€e.g. Vielzeuf and Martins 2012).

(87TG dcli;pa )2
T (10)

New tests of variability of the speed of light. — p. 8/38



The field equations for Friedmann universes are (e.g. BakKawberly, Magueijo
2004)

K 77 kc?

¢ T, _re 11
3 3 (or + 0y) > (11)
a TG

& T o+ 204), 12
» 3 (or + 20y) (12)
- 3%&:0, (13)

wherep, o a~* stands for the density of radiation while

p o
oy =5 = 1’ (14)

62
stands for the density of the scalar fieldstandard withr = +1 and phantom
with ¢ = -1) and
a = age??. (15)
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Applying the simplest method one can obtain the generakiestein-Friedmann
equations generalize warying speed of light (VSLiheories andarying
gravitational constant €heories asd - mass densitys = oc*(t) - energy density
in Jm™3 = Nm™2 = kgm~1572)

B 3 a?  kc(t)
ot) = 81 G(t) <a2 T ) ’ (16)
o) = — (f()t) (23 i ’“af)) | 17)

and the generalized conservation law is obtained ffom (46 )a7)

o0 +3% (o0 + 5 ) = —a Gy +3 s - 48)
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If one adds the\-term to the equations (116)-(17), and introduces the vacmass
density

C2
on () = ;:‘T G((?) (A = const.) (19)
with
pa(t) = —oa(t)c?, (20)

then one has to replage— o + oa, p — p + pa In (16)-(A7) anddo — o + o IN
(18) to obtain

ol (o 1) 0 S0 LB

which is solved by (fop = wpc?, c(t) = coa™, G(t) = Gpa?, C =const.)

C 3cin k A a? 2(n—1)—
o(a) = + — = a 1,
a3(wt+a * AxGo \ 2n+3w+1 3 2n+3w+ 3
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Solves basic problems of standard cosmology: flatness ambho
Flatnessinserting this into Friedmanin (116) one gets

a2 3 2n + 3w + 1

d2 _ 87TG00a_3(w+1) kc(2)a/2n_2(2n . 1) | (22)

and the density term (with’) will dominate the curvature term at large scale
factor if

2>2n+3(w+1) (23)

Horizon: For large scale factor the solutiond§t) = ¢2/3(w+1) and the proper
distance to the horizon reads as

drr = c(t)t = coa™(t)t = coapt3wH3+2n)/3(w+l) (24)

and the scale factor grows faster thfipn under the same condition as in(23).
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Varying constants caremove or change the nature of singularitiegMPD,

Marosek 2013).

Type Name tsing. af) o(ts) p(ts) p(ts)etc.  w(tk) T K

0 Big-Bang (BB) 0 0 o0 00 00 finite  strong  strong
I Big-Rip (BR) ts 00 00 00 00 finite  strong  strong
l; Little-Rip (LR) o0 o0 00 00 00 finite  strong  strong
| p Pseudo-Rip (PR) o0 o0 finite  finite finite finite  weak weak
[l Sudden Future (SFS) ts Qs 0s 00 00 finite weak weak
Iy Gen. Sudden Future (GSFS) s Qs Os Ds 00 finite  weak weak
1] Finite Scale Factor (FSFS)  ts Qs 00 00 00 finte  weak  strong
IV Big-Separation (BS) ts as 0 0 o0 o0 weak weak
V w-singularity (w) ts as 0 0 0 o0 weak weak
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Some of these can be regularized (removed by variable auskta

In order to regularize an SFS or an FSF singularity by varyiig thelight
should slow and eventually stop propagatin@t a singularity. (cf. loop
guantum cosmology (LQCHanNti-newtonian limitc = co+/1 — 0/0. — 0
for o — p. with o. being the critical density (Cailettau et al. 2012). The
low-energy limitp < oy gives the standard limit — c¢.)

To regularize an SFS, FSF by varying gravitational constgimnj - the
strength of gravity has to become infiniteat an initial (curvature)
singularity. Effectively, a new singularitycf strong coupling for a

physical field such a& « 1/® appears. Such problems were already dealt
with in superstring and brane cosmology where both the turea

singularity and a strong coupling singularity show up (cleoaf coupling,
guantum corrections).
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Main problem: to obtain the field equations outamfy action (cf. also quantum
cosmology)?
Equations[(16)F(18) have just been obtained in a speciaidrathe one in whicla
IS a constant andoes not lead to any extra boundary tel(aysart from standard
ones). Einstein equations were simply generalized:

87GG

G,ul/ — guuA — TT/M/ (25)

while the action[(4) varied in atandard wayeads to different field equations

8 1 1
WTTILLI/ - E,lvb;l/;’u, + Eljw (26)

The application of Bianchi identity td (25) gives a consévaequation with
dynamicah)

Gu — g\ =

Th = ~TH,, @7)
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If ¢ was supposed to kedynamical matter fieldhen one could get the evolution
equation using the Lagrangian

_ w2
le T 167TG¢¢ ) (28)

but workingonly in a preferred framand withy) not coupled to,/—g.

Treatingy = c¢* as constant in a preferred frame also requires speciairtezatof
the boundary terms ia-varying quantum cosmology. As mentioned, we vary the
action in the special frame whetes constant which means that drop

c-induced boundary termbut recover the time dependence:@gain to proceed
towards WdW equationif; is a 3-volume)

3V (aY)

I A g 87G(x°)
8rG(x?)

<ka —asa— 3@ 32 QCL3> (29)
c
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Since one does not brake Lorentz invariancearying fine structure constant
theories, then there ar such problemm these models - the standard variational
principle applies and the dynamical equation for the sdadad is given!

According to the definition, any variability ef(e, h) is relatedto the variability of

o

A« Ac
o c
The best constraints aha are: Oklo natural nuclear reactor:

(30)

Aa/a = (0.15+1.05)-10"" atz=0.14
VLT/UVES quasarsAa/a = (0.15+0.43) - 107° at 1.59 <z < 2.92
SDSS quasarsAa/a = (1.240.7) - 107* at0.16 <2< 0.8..
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By Webb et al. (PRL 107, 191101 (2011§-¢ipole R.A.17.4 £ 0.9h,
0 = =58 £9: Keck (Aa < 0) and VLT) as well as other specific measurements of
a given in the table belowin parts per million)

Object Z Aa/a Spectrograph Ref.
HEO0515-4414 | 1.15| —0.1 £1.8 UVES Molaro et al. (2008)
HEO0515-4414 | 1.15| 0.5+2.4 | HARPS/UVES| Chand etal. (2006)
HEO0001-2340 | 1.58 | —1.5+2.6 UVES Agafonowa et al. (2011)
HE2217-2818 | 1.69| 1.3+2.6 UVES-LP Molaro et al. (2013)

Q1101-264 | 1.84| 5.7+2.7 UVES Molaro et al. (2008)

UVES - Ultraviolet and Visual Echelle Telescope
HARPS - High Accuracy Radial velocity Planet Searcher
LP - Large Program measurement
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Rosenband (2008) measurement gives the following bound-ab

(9) = (1.6 £2.3) x 10~ Tyr~t, (31)
0

8%

which can be transformed onto the bound for the scalar fialglowng &:

o)

= |€|Ho/3Q00 | 1 + wao |, (32)
0

which translates fofl, = (67.4 & 1.4) km.s~'Mpc™* Planck value) into the
conservativedo) bound

€]v/3Qs0 | 14+ wao | < 107°. (33)
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Redshift drift (Sandage 1962, Loeb 199&he idea is to collect data from two
light cones separated by 10-20 years to look for a changealshri of a source as

a function of time.
\re‘ - (57_9

e, Te

0,70 + (5?‘0

rO-.""e

There is a relation between the times of emission of lighthgydource., and
7. + A1, and times of their observation at andr, + At,:

To To+AT, d
/ dr / Bl (34)
T CL(T) Te+ATe CL(T)

e

which for smallA7, andAr, reads as2ls = ST

a(te)  a(7o)
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The redshift drift is defined as (— ¢ here)

a(to -+ Ato) a(to)

Az =2z, — 29 = — : 35
FTE TR T Gt + AL)  alty) (5)

which can be expanded in series and to first ordexiras
Az — a(to) —|—C.L(t0)At0 B a(to) ~ CL(to) a(tO)Ato B a(tG)AtG (36)

a(te) + a(te)Ate  alte) alte) |a(to) a(te)
Using above relations we have
Av

Az = Alg [Ho(1 +2) — H(t(2))] = (1 +2)— (37)

whereAwv is the velocity shift andd (¢(z)) is given in a standard way.
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In VSL theory the relation (34) generalizes into

/tto c(t)dt _ /jo*“o c(t)dt (38)

AL, a(t) ,

which for smallA¢. andAt, transforms into

=== (39)

The definition of redshift in VSL theories remaiti® sames in standard Einstein
relativity and reads as (Barrow, Magueijo 1999)

1+ 2= (40)
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Redshift drift - varying c

Using (39) we have

Az = Aty H()(l + Z) — H(te) , (41)
c(te)
which after applying the ansatz
c(t) = cpa () (42)
gives
Az Az (z,n) = Ho(1+2)— H(z)(1+2)" . (43)

Aty At
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In the limitn — 0 the formula[(4B) reduces tb (37) for standard Friedmann
universe. Bearing in mind definition$'s, and assuming< = 0 we have

H?(2) = H§ [Qno(1 + 2)° 4+ Q4] (44)
and so[(43) gives
2—; = H, {1 + 22— (14 2)"/Qmo(1 + 2)3 + QA}
= Hy {1 + 2 =/ Qo (14 2)3+2n + Q, (1 + 2)2”} (45)

which can further be rewritten to define new redshift functio

1=k
H(z)= (1+42)"H(z) = Hoy| Y Qui(l + 2)3wers+1) (46)
1=1

\:

- 2
Whereweff - w’b —|— 5 n. New tests of variability of the speed of light. — p. 24/38




Redshift drift test - varying c

The VSL redshift drift effect for 15 year period of obserosis.

—
O'f e

~ |

S ~J %
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LO I ]
20+ DM i
o : N
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Z
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If n < 0 (c decreases) then dust matter becomes little negative peessu
matter and the cosmological constant became phantom. Bathbanents

can mimic dark energy

If n > 0then (growingc(t)) VSL model becomemore likeCold Dark
Matter (CDM) model.

Theoretical error bars are taken from Quercellini et al.2and
presumably show that farn| < 0.045 — one cannot distinguish between
VSL models and ACDM models.

In other words, by measuring redshift drifigunds on the variability of ¢
will be given.
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European Extremely Large Telescope (EELT) (with its sppegtph
CODEX (COsmic Dynamics EXperiment))

Thirty Meter Telescope (TMT), the Giant Magellan Telesc(B#&1T)

Problems to measure Lymanlines of the number of quasars for< 1.7
from the ground.

gravitational wave interferometeBECIGO/BBO (DECi-hertz
Interferometer Gravitational Wave Observatory/Big Barigsérver).
Detection even at ~ 0.2.
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Speed of light appears inmanyobservational quantities.
Among them in theangular diameter distance

. DL . ao t2 C(t)dt
Dy = (1+2)2 1+z /tl a(t) (47)

whereD;, is the luminosity distancey, present value of the scale factor
(normalized tazy = 1 later), and we have taken the spatial curvattiee 0
(otherwise there would b&n orsinh in front of the integral). Using the
definition of redshift and the dimensionless parametgraie have

1 “c(z)dz
DA_1+Z/O H(z) (49)

where

H(2) = /Qo(1 4+ 2)4 + Qo(1 + 2)3 + Q4. (49)
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Angular diameter distance maximum.

Due to the expansion of the universe, there is a maximum of théistanceat

DA(Zm) —

(50)

which can be obtained by simple differentiatingl(48) witepect toz:

0Dy 1 /Z c(z)dz N 1 c(2) _0 (51)
0

9z (1422 ), H(z) 1+zH(z)

In a flatk = 0 cold dark matter CDM model
zm = 1.25 and Dy =~ 1230 Mpc (52)
For standard\CDM model of our interest:

1.4 <z, < 1.8. (53)
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The point: The product ofD 4 and H givesexactly the speed of light at
maximum (the curves intersecta},):

Da(2m)H (2m) = co = 299792.458 kms™? (54)

if we believe it is constant! (defined officially www.bipmgpra relative errot0—?
by Evenson et al. 1972)

DA(Z) 7 cH(®2

1200+

1000+ r
H 3000

800 I
0 2000
600

1000+

400~

L L L L T T T T N R R R R L
1 2 3 4 5 1 2 3 4 5
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Measuringz,,, problematiaf one usesD 4 only (large plateau around,, makes it
difficult to avoid errors from small sample of data — besiae® has binned data,
observational errors, and instrinsic dispersion).

However, one can appeal &m independent measurement@f H (=) which is the
radial (line-of-sight) mode of the baryon acoustic ostitias surveys (BAO) for
which D 4(z) is the tangential mode (e.g. Nesseris et al. 2006). In otloedsy we
have both tangential and horizontal modes as

_DA C

— .= , 55
= Yr = F (59)
where
> ces(2)dz
re = (56)
/zdec H(z)

IS the sound horizon size at decoupling andhe speed of sound.
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From BOSS DR11 CMASS (Samushia et al. 2014)

Dy

rs(2q)

—13.85+0.17 at z=0.57, (57)

where the volume-averaged distance is

Dy = [(1 + z)%z%‘%‘] ’ : (58)

while from BOSS DR11 LOWZ (Tojeiro et al. 2014)

rs(2q)
rs,fid(Zd)

Dy = (1264 + 25) ( ) at z=0.32. (59)
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The method to measurer.

(Salzano, MPD, Lazkoz 2015)

W Measure independentl® 4 (z) and H (z).

W Calculatez,,.

W The productD 4 (2, ) H (2m) = ¢(2m)-

W Butc(z,,,) may not be equal ta,, so that we can measufe: = ¢(z,,,) — co.

™ This would determine possible variability of
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Take backgrounc CDM model with an ansatz (Magueijo 2003)

c(a) o cg (1 + aﬁ) (60)
wherea, is the scale factor at the transition epoch from sefag # ¢, (at early
times) toc(a) — ¢( (at late times to now).

Three scenarios (Salzano, MPD, Lazkoz 2015):

1) standard case= cy;

2) a. = 0.005,n = —0.01 - Ac/c~ 1% atz x 1.5;

3) a. = 0.005,n = —0.001 — Ac/c ~ 0.1% atz « 1.5.
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Based onl0? Euclid project (Laureijs et al. 0912.0914) mock data sirtiates
(Font-Ribeira et al. 2014):
1) z,,, = 1.59279-043 (fiducial model input,,, = 1.596) andc/co = 1 + 0.009
2) 2z, = 1.52870°038 (fiducial z,, = 1.532) andc(z,,)/co = 1.00925 & 0.00831
and

< c(zm)/co = 10¢(z,) ey >= 1.000947 000012 (61)

so thata detection by Euclid of1% variation at 1o-level will be possible
3) 2, = 1.58470-022 (fiducial z,,, = 1.589) andc(2y,)/co = 1.00095 + 0.00852
and

< c(zm)/co — 10¢(z,) jeo >= 0.99243F 00015 (62)

so thata detection by Euclid of 1% variation at 1o-level will not be possible
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Euclid will have1/10 of the errorsof the current missions like WiggleZ
Dark Energy Survey (e.g. Blake et al. 2011, 2012).

Other missions which will be competitive to Euclid and usédu our task
will be:

Dark Energy Spectroscopic Instrument (DESI) (Levi et aD&.8847)
Square Kilometer Array (SKA) (Bull et al. 1405.1452)

Wide-Field Infrared Survey Telescope (WFIRST) (Spergalle1305.5425)
(esp. havindargest sensitivityat potentialz,,, region i.e. 1.5 <z < 1.6).
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Varying constants theories (and especially varyimagnda) have their
advantages as well as problems. Tih@estseems to be varying theories.

Theadvantages of varyingtheories are: solution of the flathess and
horizon problems; singularity problem.

Violation of Lorentz invariance ir-varying theories leads to a choiceaf
preferred framand a drop of standard variational principle.

a-varying theories havbeetter formulatiorr variability of « Is related to
variability of c.

New testgo check variability ok in future telescope/space missions have
been proposed.
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1. Redshift drift teswhich give clear prediction for redshift drift effect
which can potentially be measured by future telescopesUE-BMVT,
GMT, DECIGO/BBO).

2. Baryon acoustic oscillations test to independently meshe radialD 4
and tangential mode/ H of the volume distance at trengular diameter
distance maximum,,,.

In simple terms we have a “cosmic” measurement of the spekghbfc
with D 4 giving the dimension of length being a “cosmic ruler” andd
giving the dimension of time being a “cosmic clock” i.e.

D 4
C= .
(%)
We have proven thdit% variability ofc can be tested dir level by
EUCLID mission Likely that they can be tested in DESI, SKA, WFIRST.

(63)
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