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Situation actuelle

Modèle de concordance
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95 % de l’Univers est inconnu

Répond de manière satisfaisante à certains problèmes (âge de l’Univers, 
formation des structures) ...

... mais en pose d’autres : horizon, coïncidence, nature même de l’énergie 
noire.

Proposition d’un modèle alternatif plus simple, sans DM ni DE, mais avec 
des masses négatives.
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Démarche

Deux problématiques :

Justifications théoriques du modèle

Confrontations aux observations
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Univers de Milne symétrique

Présence d’une quantité d’antimatière égale à la quantité de matière

Antimatière est dotée d’une masse négative

Pas de composante d’énergie noire, ni de matière noire

Espace-temps vide donc rigoureusement plat, caractérisé par un facteur 
d’expansion linéaire :
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Qu’apporte un facteur d’échelle linéaire ?

Univers de Milne

Âge de l’Univers
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ȧ

a

)2

= H2
0

(
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Problème de l’horizon

Coordonnée radiale d’un objet de redshift z :

Modèle plus simple, avec moins de paramètres (modulo l’introduction de 
masses négatives)
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0 â−2.

χ2 =
∑ (m∗ −M + α(s− 1)− βc− µth)2

σ2(µ) + σ2
int

χ2/dof = 7.29

σ2
int :

(k = −1)
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Quelles masses négatives ?

Physique Newtonnienne : masses inertielle, gravitationelles active et 
passive. 

Parmi les 7 cas possibles (=23-1) deux sont à retenir :

Les trois masses sont négatives
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Quelles masses négatives ?

Les masses positives s’attirent

Particule de masse positive

Particule de masse négative

Les masses négatives se repoussent

Les particules restent à distance constante et s’accélèrent mutuellement 
(runaway) 
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Quelles masses négatives ?

Physique Newtonnienne : masses inertielle, gravitationelles active et 
passive. 

Parmi les 7 cas possibles (=23-1) deux sont à retenir :

Les trois masses sont négatives

Masse inertielle positive, masses gravitationnelles négatives

Violation du principe d’équivalence 

Dynamique “anti-Coulombienne”
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Tests observationnels 

Supernovae de type Ia

Nucléosynthèse primordiale

CMB

Formation des structures

BAO

Gravitationnal lensing

...
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Supernovae de type Ia
À “l’origine” du renouveau de la constante cosmologique (Riess et al. 98, 
Perlmutter et al. 99).

SN Ia

No. 2, 1999 ) AND " FROM 42 HIGH-REDSHIFT SUPERNOVAE 569

FIG. 2.È(a) Hubble diagram for 42 high-redshift type Ia supernovae from the Supernova Cosmology Project and 18 low-redshift type Ia supernovae from
the Supernova Survey, plotted on a linear redshift scale to display details at high redshift. The symbols and curves are as in Fig. 1.Cala! n/Tololo
(b) Magnitude residuals from the best-Ðt Ñat cosmology for the Ðt C supernova subset, 0.72). The dashed curves are for a range of Ñat()

M
, )") \ (0.28,

cosmological models : on top, (0.5, 0.5) third from bottom, (0.75, 0.25) second from bottom, and (1, 0) is the solid curve on bottom. The()
M

, )") \ (0, 1)
middle solid curve is for Note that this plot is practically identical to the magnitude residual plot for the best-Ðt unconstrained cosmology()

M
, )") \ (0, 0).

of Ðt C, with (c) Uncertainty-normalized residuals from the best-Ðt Ñat cosmology for the Ðt C supernova subset,()
M

, )") \ (0.73, 1.32). ()
M

, )") \
(0.28, 0.72).

supernovae ; cf. P97) and checked for consistency after the
Ðt.

We have compared the results of Bayesian and classical,
““ frequentist,ÏÏ Ðtting procedures. For the Bayesian Ðts, we
have assumed a ““ prior ÏÏ probability distribution that has
zero probability for but otherwise has uniform)

M
\ 0

probability in the four parameters a, and For)
M

, )", M
B
.

the frequentist Ðts, we have followed the classical statistical
procedures described by Feldman & Cousins (1998) to
guarantee frequentist coverage of our conÐdence regions in
the physically allowed part of parameter space. Note that
throughout the previous cosmology literature, completely

Perlmutter et al. 99

posited; these include extragalactic gray dust with negligible
telltale reddening or added dispersion (Aguirre 1999a, 1999b;
Rana 1979, 1980) and a pure luminosity evolution (Drell et al.
2000). Here we limit our consideration to the observable dif-
ferences between these hypotheses.

The luminosity distance expected in a Friedmann-Robertson-
Walker (FRW) cosmology with mass density !M and vacuum
energy density (i.e., the cosmological constant) !" is

dL ¼ cH"1
0 (1þ z) !kj j"1=2sinn

(
!kj j1=2

;
Z z

0

dz (1þ z)2(1þ !Mz)" z(2þ z)!"

! ""1=2

)
; ð11Þ

where !k ¼ 1" !M " !", and ‘‘sinn’’ is sinh for !k > 0 and
sin for !k < 0 (Carroll et al. 1992). For !k ¼ 0, equation (11)
reduces to cH"1

0 (1þ z) times the integral. With dL in units of
megaparsecs, the predicted distance modulus is

!p ¼ 5 log dL þ 25: ð12Þ

Following Goobar et al. (2002) we consider two models
of gray extinction by a homogeneous component of dust:
"dust(z) ¼ "0dust(1þ z)# , where

# (z) ¼
3 for all z high-z dustð Þ;
0 z > 0:5 (3 for lower z) replenishing dustð Þ:

#

The ‘‘high-z dust’’ model represents a smooth background
of dust present (presumably ejected from galaxies) at a red-
shift that is greater than that of the SN sample (i.e., z > 2) and
diluting as the universe expands. The total extinction is then
calculated as the attenuation integrated along the photon path,
"2:5 log fexp ½

R z

0 "dust(z)r(z)dz'g; where r(z) is the coordinate
distance traversed by the SN photons. A single free (opacity)
parameter is fixed by requiring the total extinction at z ( 0:5

to match the observed peak brightness of SNe Ia in a cos-
mology with !" ¼ 0.

The ‘‘replenishing dust’’ represents a constant density of
dust that is continually replenished at precisely the same rate
in which it is diluted by the expanding universe (i.e., # ¼ 0).
This model is also tuned to match the extinction implied by
SNe Ia at z ( 0:5 in the absence of a cosmological constant;
hence it requires the tuning of two parameters (as well as fast-
moving dust, which quickly provides a homogeneous back-
ground without added dispersion from uneven lines of sight).
We also consider a third model (following Filippenko & Riess
2001, Riess et al. 2001, and Blakeslee et al. 2003) to mimic
simple evolution, which scales as z in percent dimming. Our
set of models for astrophysical dimming is not an exhaustive
set of all possibilities but rather is drawn from physically
motivated hypotheses (in contrast to purely parametric models
of astrophysical dimming, e.g., Drell et al. 2000).

In Figure 7 we show the Hubble diagram of SNe Ia rel-
ative to the cosmological and astrophysical hypotheses. As
seen in Table 4, the SN data set is consistent with an !M ¼
0:27; !" ¼ 0:73 cosmology, yielding $2 ¼ 178 for 157 SNe
Ia (degrees of freedom, dof; $2

dof ¼ 1:13) in the gold set. The
total $2 is significantly worse for the high-redshift gray dust
model (#$2 ¼ 122; 11 % for 1 dof ), as well as for the simple
model of evolution with dimming / z (#$2 ¼ 70; 8 % for
1 dof ), allowing us to reject both hypotheses with high con-
fidence. Interestingly, the ‘‘replenishing dust’’ model is nearly
indistinguishable from an !" model because the dimming
is directly proportional to distance traveled and thus mathe-
matically quite similar to the effects of a cosmological con-
stant. Consequently, we cannot discriminate this model from
an !"-dominated model strictly from its behavior in the
magnitude-redshift plane (and probably never will be able to,
given the small magnitude differences). However, the fine-
tuning required of this dust’s opacity, replenishing rate, and
velocity (>1000 km s"1 for it to fill space uniformly without
adding detectable dispersion) makes it unattractive as a simpler
alternative to a cosmological constant.

Fig. 7.—SN Ia residual Hubble diagram comparing cosmological models and models for astrophysical dimming. Top: SNe Ia from ground-based discoveries in
the gold sample are shown as diamonds; HST-discovered SNe Ia are shown as filled symbols. Bottom: Weighted averages in fixed redshift bins are given for
illustrative purposes only. Data and models are shown relative to an empty universe model (! ¼ 0). The $2 fit statistics for each model are listed in Table 4.

TYPE Ia SUPERNOVA DISCOVERIES AT z > 1 FROM HST 677No. 2, 2004

Riess et al. 04
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SN Ia

Diagramme de Hubble

Module de distance en fonction du redshift :

Données de SNLS (Astier et al. 05)
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SN Ia

Résidus du diagramme de Hubble



Séminaire interne 25 juin 2007

SN Ia

Diagramme de Hubble

paramètres liés propres à chaque SN

paramètres inconnus, à déterminer en même 
temps que les paramètres cosmologiques
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0 â−2.

(k = −1)
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(Astier et al. 05), définition du module de distance
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SN Ia

Diagramme de Hubble

χ(z) =
∫ a0

a0
1+z

da

aȧ
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â(t) =
a(t)
a0

mi = mgp = mga = −m mi
B = mp

B = ma
B = −m, (m ≥ 0)

Ωbh
2 = 0.3

χ(z) =
∫ a0

a0
1+z

da

aȧ
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Pour comparaison,                      pour EdS  
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BBN

Standard Big-Bang Nucleosynthesis

Formation des éléments légers (jusqu’au 7Li) pendant les premières 
minutes de l’Univers.

Grand succès du modèle standard... 

... mais non exempt de tensions entre observations et prédictions.
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BBN

Standard Big-Bang Nucleosynthesis
T ≈ 800 KeV, t=1s : Gel des interactions faibles
T ≈ 80 KeV, t=200 s : Fin de la photodésintégration du deutérium. Début 
de la nucléosynthèse.

Alain Coc: An Introduction to Primordial Nucleosynthesis 11
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Fig. 6. The twelve BBN main reactions for the productions of 4He, D, 3He and 7Li,

showing the low (η <∼ 3 10−10) and high (η >∼ 3 10−10) baryonic density branches for the
7Li synthesis.

3H(d,n)4He, 3H(α, γ)7Li, 3He(d,p)4H, 3He(n,p)3He, 3He(α, γ)7Be, 7Li(p,α)4He
and 7Be(n,p)7Li, cross sections have been measured in the laboratory at the
relevant energies even though these experiments were in general motivated by
nuclear physics rather than BBN studies. Compilations of experimental nuclear
data to determine thermonuclear rates for astrophysics have been initiated by
W. Fowler. This was later pursued within the European NACRE collaboration
(Angulo et al. (1999)) which also provided upper and lower rate limits. For BBN
applications, a dedicated analysis has recently been performed. All experimental
data for the ten BBN reactions were compiled and analyzed in the framework

A. Coc, 2007
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BBN

Standard Big-Bang Nucleosynthesis

T ≈ 30 KeV, t=25 min : Gel des abondances. Fin de la nucléosynthèse
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BBN

Standard Big-Bang Nucleosynthesis

Tensions entre WMAP et SBBN 
sur 7Li

16 Stellar Nucleosynthesis: 50 years after B2FH
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Fig. 11. Abundances of 4He (mass fraction), D, 3He and 7Li (by number relative to H)

as a function of the baryon over photon ratio η (or Ωb·h2.) showing the effect of nuclear
uncertainties.

during this period.
Another question comes from recent observations of 6Li in the atmosphere of

A. Coc, 2007

Test très précis sur D, 4He et 3He
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Et dans Milne ?

BBN
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BBN

Nucléosynthèse dans l’Univers de Milne
La dynamique est beaucoup plus lente.

À1 Mev, t ≈ 3 ans (Milne), contre 1s 
dans SBBN

À 80 KeV, t ≈ 30 ans (Milne), 
contre ≈ 200 s dans SBBN

Températures du CMB et du fond de neutrinos 
cosmologiques identiques !

Température de découplage des interactions faibles : ~10^9 K 
(~ 80 keV), ie après annihilation e-e+.



Séminaire interne 25 juin 2007

BBN

Nucléosynthèse dans l’Univers de Milne

Adéquation de l’abondance d’hélium si densité baryonique plus grande : 

χ(z) =
∫ a0

a0
1+z

da

aȧ
z→+∞−→ +∞

µ = m∗ −M − α(s− 1)− βc

η ≈ 8× 10−9

m∗, s, c :

M,α, β :

c

µ = −5 + 5 log
(

dL(z)
1

)

Pk =
〈
|ρ̃k|2

〉
k′ , k′ =

√
k2

x + k2
y + k2

z = k

ρ(x, y, z)

ρ̃(kx, ky, kz)

(
ȧ

a

)2

= H2
0 â−2.

(k = −1)

â(t) =
a(t)
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B = −m, (m ≥ 0)
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χ(z) =
∫ a0

a0
1+z

da

aȧ
z→+∞−→ +∞

µ = m∗ −M + α(s− 1)− βc

η ≈ 8× 10−9

m∗, s, c :
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Les neutrons régénérés permettent une nucléosynthèse

Même ordre de grandeur que densité 
de matière noire : coïncidence ?
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BBN

Bon accord pour l’hélium, perte totale du deutérium

Nucléosynthèse dans l’Univers de Milne

change in T f . For !!0.50 the freeze-out temperature is
around 4 MeV, whereas for !!0.55, T f!1 MeV which im-
plies a decrease in (n/p) f by a factor of about 2.5. On the

other hand, the age of the Universe at T!10 keV "about the
temperature when SBBN ends# is a factor of 25 larger for
!!0.55 relative to that for !!0.50. Thus, for the same $,
increasing ! from 0.50 to 0.55 has the effect of increasing

the 4He abundance because more time is available for nu-

cleosynthesis. But since decreasing the baryon density de-

creases the nuclear reaction rates leading to a decrease in
4He, we may understand the trend of the smaller baryon

density requirement as ! increases from 0.50 to about 0.55,

even though the decrease in T f opposes this effect. The time

delay between ‘‘freeze-out’’ and BBN, %td , which has, until
now, been much smaller than &n , becomes comparable to it
at !'0.55. Since a larger ! results in an older Universe at a
fixed temperature, %td increases with !. Thus for !
"0.55, YP is increasingly suppressed "exponentially# as ! is
increased. The only way to compensate for this is by increas-

ing TBBN (since %td)(TBBN)
#1/!*, which may be achieved

by increasing the baryon density. But since TBBN depends

only logarithmically on the baryon density (8*, this accounts
for the exponential rise in the required value of +Bh

2 as !
increases. This trend cannot continue indefinitely; the curve

must turn over for reasons we describe below.

From Fig. 2, it is apparent that in the ‘‘large !’’ range, the
required value of +Bh

2 decreases with increasing !. In our
previous analysis (1* of 4He nucleosynthesis which concen-
trated on ! in the vicinity of 0.55, we implicitly assumed that
the age of the Universe at T!T f was not large enough for

appreciable amounts of 4He to have been built up. This as-

sumption breaks down for large values of ! and $. Since D,
3He, and 3H are not present in appreciable quantities, a large

value of $ is needed to boost the 4He production rate. Now,
the larger the value of !, the longer neutrons remain in equi-
librium, thus allowing more 4He to be slowly built up, with

the neutrons incorporated in 4He being replaced via p→n

reactions. Roughly speaking, the required value of $ for a

given ! is set by the condition

"dYP

dt
#
T!T f

'0.24/t"T f #. "4#

The effects of ! on t(T f) and $ on dYP /dt complement

each other, giving rise to the trend shown by the 4He iso-

abundance curves in Fig. 2 for !"0.75.
Light element abundances in the linear expansion model.

We now turn to the production of deuterium and 3He. For

large ! "e.g., !!1# "see Fig. 3#, we expect the deuterium
abundance to be insignificant since D can be efficiently

burned to 3He during the long time available for nucleosyn-

thesis. The mean lifetime of deuterium against destructive

collisions with protons at a low temperature of 10 keV is

around 3 days; at this temperature the !!1 universe is al-
ready 300 years old. The fact that the time scales are so

different allows us to derive analytical expressions for the

deuterium, helium-3, and lithium-7 "beryllium-7# mass frac-
tions "to be denoted by XD , X3 , and X7 respectively#. The

generic equation for the rate of evolution of the mass fraction

of nuclide ‘‘a’’ can be parametrized as

dXa

dt
!Rprod"a ##Rdest"a #Xa , "5#

where ‘‘prod’’ and ‘‘dest’’ refer to the production and de-

struction rates of nuclide ‘‘d.’’ Given that the universe re-

mains at the same temperature for a very long time "com-
pared to the reaction time scales#, it is not surprising that Xa

achieves its steady-state value at each temperature "for a de-
tailed discussion in the context of SBBN, see (9*#:

Xa,
Rprod"a #

Rdest"a #
. "6#

We can write this explicitly for the simplest case—

deuterium:

XD!2
"-np$-pp/2#Xp

-pD$-.D
, "7#

where the various -’s represent the relevant deuterium cre-

ation (n$p→D$. and p$p→D$e$$/# rates per target
proton and destruction (D(p ,.)3He and D(. ,p)n* rates per
target deuterium. All of these rates can be obtained from Ref.

(10*. Once the reaction rates become smaller than the uni-
versal expansion rate "say at some temperature T!#, the
abundances freeze out with values close to Xa at the corre-

sponding T! . This is illustrated in Fig. 4 which clearly

shows that the steady-state solution works very well. We

note here that the steady state "dotted# curves in Fig. 4 are
not independent analytic derivations, but use the abundances

of the various nuclei as calculated by the numerical code.

The figure intends to emphasize that nucleosynthesis in this

"linear expansion# model can be well represented by the
steady-state solutions in Eq. "6#.
In the expression for XD (see Eq. "7#*, the n$p reaction

term dominates until about 20 keV, after which the p$p

FIG. 3. Evolution of the light element abundances as a function

of the photon temperature in an !!1 universe.

NUCLEOSYNTHESIS IN POWER-LAW COSMOLOGIES PHYSICAL REVIEW D 61 103507

103507-3

Kaplinghat et al., 2000

Nécessité de fabriquer du deutérium par un autre moyen : 
spallation, nucléodisruption.
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Formation des structures

LSS

Toutes les masses sont négatives

Simulations numériques. RAMSES (R. Teyssier)

But : déterminer l’existence d’un effondrement gravitationnel
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Formation des structures

LSS
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Prochaines étapes

Dans la suite ...

CMB

Nouvelles données SNLS

Comment justifier              pendant la “période radiative” ?

Nucléosynthèse
(

ȧ

a

)2

= H2
0

(
ΩM â−3 + ΩRâ−4 + Ωkâ

−2 + ΩΛ
)

ΩM = 0

(= m)

a(t) ∝ t

× × × ×•
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