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- The redshift calculation is not covariant in
the standard cosmological model

- With a covariant formulation, entropy
Produ&mvx during virialization of the larqge
scale skructure cawn r@.ptace darke energy



- Lack of covariance of the redshift calculation

Metric in expansion ds* = — c*dt* + a(t)(dr* + r*dQ?) H=dla

tdst U
Redshift: 1 + 7z = 6XpJ' Hdt (1 e _g)
C

tSI' C

Doppler shift

Caused b:j peculiar motions at
velocities U, = Cl(ts )dr/dt
ontv abk emission

Cosmological redshift

Caused by expansion of the
coordinate system along the
line of sight (« space »
expav\smm)

Ic



- Lack of covariance of the redshift calculation

Metric in expansion ds* = — c*dt* + a(t)(dr* + r*dQ?) H=dla

tdst U
Redshift: 1 4 z = exp[ Hdt (1 + —g>
C

tSI' C

Doppler shift |

Caused bj peculiar motions at
velocities U, = Cl(ts )dr/dt
ov\tv abk emission

Cosmological redshift

Caused by expansion of the
coordinate system along the
line of sight (« space »
expanswm)

Ic

But, because of general relativity, the coordinate system is
arbi%rm‘v, what happens f we ltake anocther expamduf\g coordinate
system?
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- Lack of covariance of the redshift calculation

’ tdst
A simple test case: a FLRW solubtion in nown- | B A — eXp J Hdt

co-moving coordinates
a(t) = a(Ha,(r)

H — ds/as, Hd — dd/ad —
H=HS+Hd ug=aSHd7'd

tSI'C

B ol D 22 30y2
ro=adr _a ds® ~ — c-dt; + a(t)(dr; + r;d€))




- Lack of covariance of the redshift calculation

co-moving coordinates

td,st

A simple test case: a FLRW solubtion in nown- | B A — eXp J Hdt

r; = ayr

at) = a,(Dald

ds* ~ — c*dt; + at)(dr; + r;dQ?
i, = ds/asa Hd — Cid/ad : 5 d aS( )( rd rd )

Y e
H=H +H, u, = agHyr
= e aHry
Redshift: 1+z~exp| Hdt| 1+
« Cosmological » redshift « Doppler » shift
Caused by expansion of the Caused by v\oww:c)movu}_?
coordinate system along the motions at velocities U, = U I1,F
line of sight (« space » 0“13 at emission

expansion)

The cosmological redshift is transformed into a Doppler shift

through a coordinate Eransformation
e



- Lack of covariance of the redshift calculation

A even sivaLer test case : emrp&j space wikth
no expansion in an arbitrary expanding

coordinake svsﬁem
a,t) = 1/ar)

1 Hz7=74

ds* ~ — c*dty + a(0)(dr] + r7dQ?)

rg = a)r Hy= — H, —
H=HS+Hd=O l/tg:—HSI"
Last
Redshift: 14+z=x 1+ [ (H(t) — Hy(t,..)dt # 1
LR ,

« Cosmological » redshift « Doppler » shift

Caused by expansion of the Caused by mmnwammovu}?
coordinate system along the motions at velocities U, = U I1,F
line of stght (« space » omtv at emission

expamsmm)

a shift ot emission cannot compensate the expansion of the coordinate

system along the line of sight, this redshift calculation is not covariank
4



- C.OVATLA nk &&bﬁui&% LOWN Oﬂf Fhe Ve dSk v&

But we can use a covariont calculation
of the redshift (Rasanen 2009) of
photons following null geodesics:

tdst

Redshift: 1 +z = €XpJ Odt/ 3

tSI'C

Wikth theta the Local expansion rate along time-like geodesics
involving the expansion of the coordinate system anc the velocity

fleld:
0=38+V .4,
Wikh [—~] =" V . f = () i comoving coordinates
i e o 1 +z=-exp
wWith H = HS, V= zjg — 3H 7 W non-comoving coordinakes

tdst

tSI'C

Hdt



- Covaritant calculakion Qﬂf the redsh b&

But we can use a covariont calculation
of the redshift (Rasanen 2009) of
photons following null geodesics:

tdst

Redshift: 1 +z = €XpJ Odt/ 3

tSI'C

With theta the Local expansion rate along time-like geodesics
involving the expansion of the coordinate system anc the velocity

fleld:
0=38+V .4,
< — — ;
with H = H, V - i1 = (0 in comoving coordinates .
7 s 3 l+z=exp| Hdt
wWith H = H '3 V . IZg =2V 7 W non-comoving coordinakes £2

Timelilkke qeodesics, Le. the brue physical @.&r\ﬁ&v i &R
We advocate to stop using the expression « expansion of space » ahd replace it with

expamsicm along timelike geodesws
10



- 15 8 rotat ELMS b eCausSe one uses a
rotating coordinate system?

ds* = (—=c* + riw*)dt* + dr*+ ds* = £¢dt* +a()’dx*+
rlde? + dz* = 2r’wde*dt’ a(t)*dy? + a(t)*dz?

There is nothing a-priori related to grav&&v
A an expamdur\g coordinake svsfz@.m
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- The redshift calculation is not covariant in
the standard cosmological model

- With a covariant formulation, entropy

Produ&mvx during virialization of the larqge
scale structure can replace dark energy

12



- Covariant calculation of the redshift

Let us bake a Eracer of time-like qeodesics: dark matter and a backqground
coordinate system without dark enerqy

tdst
Redshift: 1 4z = €Xp[ Odt/3
tSI'C
g (> 3G
O=3H+V -u with — = H? = D
2 a? 3

Backreaction of inhhomoqgeneities
is negligible and dark energy

needed if
O)=3H  (V-m)~0

And not just. U, K Cc Even tf
perturbation theory works for
the dvh&mms

13



- Covariank calculation of the redshift

Let us bake a Eracer of time-like qeodesics: dark matter and a backqground
coordinate system without dark enerqy

tdst
Redshift: 1 4+ 7z = GXPJ Odt/3
tSI'C
g (> 3G
0=3H+V ‘u with — =FH?— D
3 a? 3

Backreaction of tihomogeneities
is hegligible and dark enerqy

4 demonstrations showing that virtalization eaaed Ug i

and em&raw Produ&wm can raplm:e dark <(9> — ik <V - @) ~ 0

enerqgy
- Qualitative And not just. U, K ¢ Even i
£ Bru&@,mforte p&r%urbaf‘:mm F:h(gtorj works %m‘
- Elegant the dynamics *

~ Theoretical {(-> TCR024 ) 14



- The role of irreversible processes:
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. ¥ Expansion % V. —3H<0
—‘.L’ '_‘ '3»3H>
'

5 AS=0 \;
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Compressi’o___n
V i< -3H<0_:
AS=10 .
Reversible global evolution:

(9) =3H, and
AS =0, globally

wrh et OG-. Y A

AN Virialization

- Formation of
: /& " accretion shocks

Irreversible global evolution:
{6) ~0, inyirialized region
(0) ~ V. u, iInexpansion region
AS > 0, globally

(V -u,)~0

if compression wode in structures with divico
compensate the expansion of the voids with divi»o,

ity oo e
(V) #0
once virlalization happens, compression mode i
the structures is cﬁ.LssE,Pa&ed and cannok aompemsa&e
void expansion Lm(é’). This is associated to em&ropj

production caused bj violent relaxation (Lynden-
Bell 1967) and

As virialization of dark wmatter stabilizes the larqge
-scale collapse, it plays the role of

needed for dark energy, while remaining
n a regime of pure gravitational dynamics

18



- The role of irreversible processes:

” 0 ~ 3H — 6upost—shock ~ 0

divl is not a conserved quantity, its production is Sy
: 1SS

upre—ShOCl.(....

!

Linked to o o

non-collisional shocks) after shell crossing

7

0.004 ;

(0.002 d
> 0.000 void

.‘c
.

0.002 Upre—shock

0 6

dvoid

0

0.004

0.002

= 0.000
~0.002 saustics

— (100 <
1004 qezai0e;2:2 Zalaate-
z2eg ll;l(““ ag - o

0.4 0.2 0.0 0.2 4 —{).4 -(1.2 0.0 0.2 0.
. -

Reversible evolution Irreversible evolution

O in virialized skructures is close bo zero.

~o— 1.585-1.995 x 10™ »™' M
o~ 1.995-2.512x 10" h™' M

H QM VOLdS Méasurﬁd {"T'C)M MMMQ.T‘L@QL SQMMLQ&EOMS 0O 2512-3162)(1014 h—lj\l®
of LSS formation (e.q. Zu & Weinberq 2013). —o— 3.162-5.012 x 10" A~ M,

<(9> is of the the order of 70 evn/s/Mpe
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- The role of irreversible processes:

Wikth wass cownservation

tdst

B b epr Odt/ 3

tSI' C

Use the , assuming
a virialized system in quasi-equilibrium (e.g. with a
Jeans stress tensor)

We get a redshift expression explicitly
linked to that can

Toke bthe evolution of a reversible and irreversible
never average to zero since As > ()

system reaching the same internal energy, temperature
and compressibility factor (Z)

( Virrev (tdst) )1/3

Vini (t SIc )

Viev 13 As |
( Vini ) =P (3ka ) ’
a(tqst) CXp( As ) l
a(tsec) 3kpZ

TAs = Ae+ Zka log(VimV / Vini)a
| = Ae + Zk, T log(vrev/vini)a ;

0

17



Because of relativity, we can choose any coordinate system in expansion that we want: the
value of the cosmological constant is per-se arbu&rm‘j The implicit choice in LCDM is to
introduce a cosmological constant such that (V . g) —

r'tdst a(l' dSt) ”tdst =S
l+z=exp| 6Odt/3 = eXp V - u,dt/3
- tSI'C a(tsrc A tSI'C
a(tyq) As
= exp
a(tsrc) 3Zkb
i aeff(tdst)

Ueff (tsrc)

. Increase -> :

E HUbPIe : Decrease ->
tensions” . DESI/Euclid obs.

Linear First shell

. Virialization
phase crossing

1%



- Conclusions

- The redshift calculation is not covariant in
the standard cosmological model

We must do something about ik, this is not

&ompaﬁbte with rﬁtaﬁv&jf

- With a covariant formulation, entropy
production during virtalization of the larqge
scale structure can replace dark energy

Use DESI/Euclid observations ko constrain bhe

evolution of entropy production through the

his &)T‘fj Oﬂf the Universe

19






- Covariant calculation of the redshift

A covariant definition of the cosmological redshift and Doppler shift

tdst

Redshift: 1 42 = eXpJ' 0dt/3 (1 + uyl/c)

5 tSI'C

Cosmological redshift Doppler shift
Caused by expansion of time- Caused by non-geodesic
like qgeodesics od,ovi! the Lline mokions 1y 7= Ugyid = 17
: % s uid g
of sight g =3H + V . i, only at emission

Both definitions are now covariank !

21



- The role of irreversible processes:

One can derive a cownservakive equa&iom
Ehat Linles inkernal enerqgy and the Llocal
curvabture

By using locally comoving (ie. Lagrangian)
solution in spherical coordinakes (Lemaibre
Tollman Bowndi solutions) with a local
curvakture &

| ds® = —N(r,t)%dt* + R™dr? + R(r, t)%d0Q?,

1+ 2E(r,t)

1+2F 1 Oo ?

r
GM 1 14+2E00 |
T AnoR? — — 9

R? mokt R’ p+ 0o or :

R2



- The role cwf irreversible processes:

U O AH _ GPostshock

lss JOTTLL ettt "'"“..

OO os.: ;.---""""Mﬂ
dlss

upre—shocl‘c.m

Upost—shock | A i
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