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Suggestions de lectures: 

- Les 1001 nuits de l’Univers – D.Elbaz (O.Jacob)
- Big Bang Aux origines de l’univers – Le Monde La vie
- Le destin de l’univers: trous noirs et énergie sombre –  J.P.Luminet (Fayard)
- Euclid – Lumière sur l’énergie noire – M.Grousson (Actes Sud) 



10-43 sec, 1032K, 1019Gev
Redshift ~ 1032

Histoire thermique de l’univers en expansion

10-38 sec, 1028K, 1015Gev

3min, 109K, 10-4Gev

380’000 ans, 3000K, 10-10Gev
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Inflation cosmique 
(10-35 à 10-32 sec; redshift 1027 à 1015 )

109 ans, 15K, 10-12Gev

13.7 x 109 ans, 2.7K, 2.3 x 10-13Gev

Ere de l’énergie sombre



Leçon 20231114 CB 

Accélération de l’expansion de l’univers

Astronomie générale      Camille Bonvin      p.   /4316

Constante cosmologique

courbure nulle
25 % matière 
75 % constante cosmologique

Modèle standard de la 
cosmologie ΛCDM

<latexit sha1_base64="EwcZ04IBLwjWTmVW4++gYMpMqpk=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRV0GWxLlwoVLAPaEKZTKbt0JkkzEwKJfRP3LhQxK1/4s6/cdpmoa0HBg7nnMu9c4KEM6Ud59sqrK1vbG4Vt0s7u3v7B/bhUUvFqSS0SWIey06AFeUsok3NNKedRFIsAk7bwag+89tjKhWLoyc9Sagv8CBifUawNlLPtr17Ew5x5kmB6rcP055ddirOHGiVuDkpQ45Gz/7ywpikgkaacKxU13US7WdYakY4nZa8VNEEkxEe0K6hERZU+dn88ik6M0qI+rE0L9Jorv6eyLBQaiICkxRYD9WyNxP/87qp7l/7GYuSVNOILBb1U450jGY1oJBJSjSfGIKJZOZWRIZYYqJNWSVTgrv85VXSqlbci0r18bJcu8nrKMIJnMI5uHAFNbiDBjSBwBie4RXerMx6sd6tj0W0YOUzx/AH1ucPvcGTEw==</latexit>

Adam G.Riess  (High-z SNe project)
Saul Perlmutter (SNe cosmology project)
Brian P.Schmidt
Prix Nobel  de physique 2011 "for the discovery 
of the accelerating expansion of the Universe 
through observations of distant supernovae"

Astronomie générale      Camille Bonvin      p.   /4330

Contraintes

Equation d’état w =
P

ρ

Constante cosmologique Accélération si w = −1 w < −1/3
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Constante cosmologique

Expansion accélérée

Astronomie générale      Camille Bonvin      p.   /4343

Conclusions

La découverte de l'expansion accélérée de l'univers a 
boulversé notre compréhension du cosmos

Pour l'expliquer il y a deux possibilités:
Rajouter de l'énergie sombre, avec pression négative
Modifier les lois de la gravité à très grande distance

Dans le future proche on veut distinguer ces deux 
possibilités en

Regardant la distribution des galaxies

Comparant la distortion du temps et de l'espace

Composition de la matière

z

Ere de l’énergie sombre
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Destin 4nal de l'Univers

Densité d’énergie sombre constante
Grand refroidissement
Big freeze

Densité d’énergie sombre diminuant
Grand effondrement
Big crunch

Densité d’énergie sombre croissante
Grand déchirement

Big rip

Futur de l’Univers 
Trois scénarios selon la nature (variable ou non) 

de l’énergie noire 

© Nasa/CXC/M. Weiss

***
* * * * * * *Supernovae *

*
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Futur du système solaire

Augmentation de la luminosité du soleil
 Augmentation de la température de surface de la Terre
 Évaporation des océans dans ~ 1.8 milliard d’années

Dans ~ 5 milliards d’années, le soleil devient une géante rouge
Sa luminosité augmente d’un facteur ~ 2500
Engloutit Mercure, Vénus, et probablement la Terre

[Collision entre la Voie Lactée et Andromède]

Dans ~ 8 milliards d’années, le soleil devient 
une naine blanche 

C.Charbonnel – Cours UniGe 1051 – 20231219



Futur de la Voie Lactée
Collision entre la Voie Lactée et Andromède – Milkomeda

Dans 4 à 8 milliards d’années – 17.8 à 21.8 milliards d’années après le Big Bang

C.Charbonnel – Cours UniGe 1051 – 20231219



https://courses.lumenlearning.com/suny-astronomy/chapter/the-distribution-of-galaxies-in-space/

Rayon ~ 1.2 Mpc
Masse ~ 4 x 1012M⦿
Masse volumique ~ 10-23 kg.m-3

M31

M33

Futur de la Voie Lactée et du Groupe Local
Dans 1011 à 1012 années (100 à 1000 milliards d’années) 

C
lassification des galaxies

Leçons 20231031 &             
             20231128 CC 
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Futur de l’Univers observable
Dans ~ 2 x 1012 années (2000 milliards d’années) 

Expansion 
 Le décalage spectral sera tel que même les rayons gamma 
      qu'ils émettent auront des longueurs d'onde supérieures 
      à la taille de l'univers observable de l'époque. 
 Ces galaxies et les galaxies plus lointaines 
       ne seront plus détectables.

Crédit: Andrew Z. Colvin/Wikimedia Commons

Diamètre ~ 100 – 200 millions a.l.
~ 100 groupes et amas de galaxies (~ 10000 galaxies)

Centre de gravité près de l’amas de la Vierge 

C.Charbonnel – Cours UniGe 1051 – 2018-12-18

Appartient au complexe de super amas Poisson-Baleine
150 millions al x 1 milliard al

Super Amas de la Vierge

Diamètre ~ 100 - 200 millions d’a.l.
~ 100 groupes et amas de galaxies (~10’000 galaxies)

Centre de gravité près de Virgo

C’est à l’échelle du superamas que 
l’expansion de l’univers commence à 
se faire sentir par rapport à la force gravitationnelle 
qui lie les amas entre eux.
e.g. Virgo s’éloigne du Groupe Local à 1250 km.sec-1, l’amas Coma à 6700 km.sec-1

Les amas s’éloignent les uns des autres et la taille des superamas augmente dans le temps

Credit: Andrew Z. Colvin / Wikimedia commons

Leçons 20231031 CC 
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Futur des galaxies
Fin de la formation de nouvelles étoiles

Temps de déplétion du gaz dans une galaxie

                                     avec SFR: Star Formation Rate

 120 à 350 milliards d’années pour galaxie comme la Voie Lactée

depletion time tR for a disk galaxy is defined to be the
current mass in gas, Mgas , divided by the star formation
rate SFR , i.e.,

tR[
Mgas

SFR
. (2.16)

For typical disk galaxies, this time scale is comparable to
the current age of the universe; Kennicutt et al. (1995)
cite a range tR'5–15 Gyr. The actual time scale for (to-
tal) gas depletion will be longer because the star forma-
tion rate is expected to decrease as the mass in gas de-
creases. For example, if we assume that the star
formation rate is proportional to the current mass in gas,
we derive a total depletion time of the form

t5tRln@M0 /MF# , (2.17)

where M0 is the initial mass in gas and MF is the final
mass. For typical disk galaxies, the initial gas mass is
M0;1010 M( (see Table 5 of Kennicutt et al., 1995).
Thus, if we take the extreme case of MF51 M( , the
total gas depletion time is only t'23tR'120–350 Gyr. In
terms of cosmological decades, the gas depletion time
becomes hD=11.1–11.5.

Several effects tend to extend the gas depletion time
scale beyond this simple estimate. When stars die, they
return a fraction of their mass back to the interstellar
medium. This gas recycling effect can prolong the gas
depletion time scale by a factor of 3 or 4 (Kennicutt
et al., 1995). Additional gas can be added to the galaxy
through infall onto the galactic disk, but this effect
should be relatively small (see the review of Rana,
1991); the total mass added to the disk should not in-
crease the time scale by more than a factor of 2. Finally,
if the star formation rate decreases more quickly with
decreasing gas mass than the simple linear law used
above, then the depletion time scale becomes corre-
spondingly larger. Given these complications, we expect
the actual gas depletion time will fall in the range

hD512–14. (2.18)

Thus, by the cosmological decade h'14, essentially all
normal star formation in galaxies will have ceased. Co-
incidentally, low-mass M dwarfs have life expectancies
that are comparable to this time scale. In other words,
both star formation and stellar evolution come to an end
at approximately the same cosmological decade.

There are some indications that star formation may
turn off even more dramatically than outlined above.
Once the gas density drops below a critical surface den-
sity, star formation may turn off completely (as in ellip-
tical and SO galaxies). The gas may be heated entirely
by its slow accretion onto a central black hole.

These results indicate that stellar evolution is confined
to a reasonably narrow range of cosmological decades. It
is presumably impossible for stars to form and burn hy-
drogen before the epoch of recombination in the uni-
verse (at a redshift z;1000 and hence h;5.5). Thus sig-
nificant numbers of stars will exist only within the range

5.5,h,14. (2.19)

The current epoch (h;10) lies near the center of this
range of (logarithmic) time scales. On the other hand, if
we use a linear time scale, the current epoch lies very
near the beginning of the stelliferous era.

E. The final mass function

When ordinary star formation and conventional stel-
lar evolution have ceased, all of the remaining stellar
objects will be in the form of brown dwarfs, white
dwarfs, neutron stars, and black holes. One way to char-
acterize the stellar content of the universe at this epoch
is by the mass distribution of these objects; we refer to
this distribution as the ‘‘final mass function’’ or FMF.
Technically, the final mass function is not final in the
sense that degenerate objects can also evolve and
thereby change their masses, albeit on vastly longer time
scales. The subsequent evolution of degenerate objects
is discussed in detail in Sec. IV.

Two factors act to determine the FMF: (1) The initial
distribution of stellar masses [the initial mass function
(IMF) for the progenitor stars], and (2) The transforma-
tion between initial stellar mass and the mass of the final
degenerate object. Both of these components can de-
pend on cosmological time. In particular, one expects
that metallicity effects will tend to shift the IMF toward
lower masses as time progresses.

The initial mass function can be specified in terms of a
general log-normal form for the mass distribution
c=dN/d lnm ,

lnc~ lnm !5A2
1

2^s&2 $ln@m/mC#%2, (2.20)

where A , mC , and ^s& are constants. Throughout this
discussion, stellar masses are written in solar units, i.e.,
m[M*/(1 M(). This general form for the IMF is mo-
tivated both by the current theory of star formation and
by general statistical considerations (Larson, 1973;
Elmegreen and Mathieu, 1983; Zinnecker, 1984; Adams
and Fatuzzo, 1996). In addition, this form is (roughly)
consistent with observations (Miller and Scalo, 1979),
which suggest that the shape parameters have the values
^s&'1.57 and mC'0.1 for the present-day IMF (see also
Salpeter, 1955; Scalo, 1986; Rana, 1991). The constant A
sets the overall normalization of the distribution and is
not of interest here.

For a given initial mass function, we must find the
final masses mF of the degenerate objects resulting from
the progenitor stars with a given mass m . For the brown
dwarf range of progenitor masses, m,mH , stellar ob-
jects do not evolve through nuclear processes and hence
mF5m . Here, the scale mH'0.08 is the minimum stellar
mass required for hydrogen burning to take place.

Progenitor stars in the mass range mH<m<mSN
eventually become white dwarfs, where the mass scale
mSN'8 is the minimum stellar mass required for the star
to explode in a supernova (note that the mass scale mSN
can depend on the metallicity—see Jura, 1986). Thus,
for the white dwarf portion of the population, we must
specify the transformation between progenitor mass m

342 F. C. Adams and G. Laughlin: A dying universe

Rev. Mod. Phys., Vol. 69, No. 2, April 1997
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Futur des galaxies
Fin de la formation de nouvelles étoiles

Temps de déplétion du gaz dans une galaxie

                                     avec SFR: Star Formation Rate

 120 à 350 milliards d’années pour galaxie comme la Voie Lactée

Ejection de gaz stellaire, accrétion de gaz 
 1012 à 1014 années (1000 à 100’000 milliards d’années)

depletion time tR for a disk galaxy is defined to be the
current mass in gas, Mgas , divided by the star formation
rate SFR , i.e.,

tR[
Mgas

SFR
. (2.16)

For typical disk galaxies, this time scale is comparable to
the current age of the universe; Kennicutt et al. (1995)
cite a range tR'5–15 Gyr. The actual time scale for (to-
tal) gas depletion will be longer because the star forma-
tion rate is expected to decrease as the mass in gas de-
creases. For example, if we assume that the star
formation rate is proportional to the current mass in gas,
we derive a total depletion time of the form

t5tRln@M0 /MF# , (2.17)

where M0 is the initial mass in gas and MF is the final
mass. For typical disk galaxies, the initial gas mass is
M0;1010 M( (see Table 5 of Kennicutt et al., 1995).
Thus, if we take the extreme case of MF51 M( , the
total gas depletion time is only t'23tR'120–350 Gyr. In
terms of cosmological decades, the gas depletion time
becomes hD=11.1–11.5.

Several effects tend to extend the gas depletion time
scale beyond this simple estimate. When stars die, they
return a fraction of their mass back to the interstellar
medium. This gas recycling effect can prolong the gas
depletion time scale by a factor of 3 or 4 (Kennicutt
et al., 1995). Additional gas can be added to the galaxy
through infall onto the galactic disk, but this effect
should be relatively small (see the review of Rana,
1991); the total mass added to the disk should not in-
crease the time scale by more than a factor of 2. Finally,
if the star formation rate decreases more quickly with
decreasing gas mass than the simple linear law used
above, then the depletion time scale becomes corre-
spondingly larger. Given these complications, we expect
the actual gas depletion time will fall in the range

hD512–14. (2.18)

Thus, by the cosmological decade h'14, essentially all
normal star formation in galaxies will have ceased. Co-
incidentally, low-mass M dwarfs have life expectancies
that are comparable to this time scale. In other words,
both star formation and stellar evolution come to an end
at approximately the same cosmological decade.

There are some indications that star formation may
turn off even more dramatically than outlined above.
Once the gas density drops below a critical surface den-
sity, star formation may turn off completely (as in ellip-
tical and SO galaxies). The gas may be heated entirely
by its slow accretion onto a central black hole.

These results indicate that stellar evolution is confined
to a reasonably narrow range of cosmological decades. It
is presumably impossible for stars to form and burn hy-
drogen before the epoch of recombination in the uni-
verse (at a redshift z;1000 and hence h;5.5). Thus sig-
nificant numbers of stars will exist only within the range

5.5,h,14. (2.19)

The current epoch (h;10) lies near the center of this
range of (logarithmic) time scales. On the other hand, if
we use a linear time scale, the current epoch lies very
near the beginning of the stelliferous era.

E. The final mass function

When ordinary star formation and conventional stel-
lar evolution have ceased, all of the remaining stellar
objects will be in the form of brown dwarfs, white
dwarfs, neutron stars, and black holes. One way to char-
acterize the stellar content of the universe at this epoch
is by the mass distribution of these objects; we refer to
this distribution as the ‘‘final mass function’’ or FMF.
Technically, the final mass function is not final in the
sense that degenerate objects can also evolve and
thereby change their masses, albeit on vastly longer time
scales. The subsequent evolution of degenerate objects
is discussed in detail in Sec. IV.

Two factors act to determine the FMF: (1) The initial
distribution of stellar masses [the initial mass function
(IMF) for the progenitor stars], and (2) The transforma-
tion between initial stellar mass and the mass of the final
degenerate object. Both of these components can de-
pend on cosmological time. In particular, one expects
that metallicity effects will tend to shift the IMF toward
lower masses as time progresses.

The initial mass function can be specified in terms of a
general log-normal form for the mass distribution
c=dN/d lnm ,

lnc~ lnm !5A2
1

2^s&2 $ln@m/mC#%2, (2.20)

where A , mC , and ^s& are constants. Throughout this
discussion, stellar masses are written in solar units, i.e.,
m[M*/(1 M(). This general form for the IMF is mo-
tivated both by the current theory of star formation and
by general statistical considerations (Larson, 1973;
Elmegreen and Mathieu, 1983; Zinnecker, 1984; Adams
and Fatuzzo, 1996). In addition, this form is (roughly)
consistent with observations (Miller and Scalo, 1979),
which suggest that the shape parameters have the values
^s&'1.57 and mC'0.1 for the present-day IMF (see also
Salpeter, 1955; Scalo, 1986; Rana, 1991). The constant A
sets the overall normalization of the distribution and is
not of interest here.

For a given initial mass function, we must find the
final masses mF of the degenerate objects resulting from
the progenitor stars with a given mass m . For the brown
dwarf range of progenitor masses, m,mH , stellar ob-
jects do not evolve through nuclear processes and hence
mF5m . Here, the scale mH'0.08 is the minimum stellar
mass required for hydrogen burning to take place.

Progenitor stars in the mass range mH<m<mSN
eventually become white dwarfs, where the mass scale
mSN'8 is the minimum stellar mass required for the star
to explode in a supernova (note that the mass scale mSN
can depend on the metallicity—see Jura, 1986). Thus,
for the white dwarf portion of the population, we must
specify the transformation between progenitor mass m

342 F. C. Adams and G. Laughlin: A dying universe

Rev. Mod. Phys., Vol. 69, No. 2, April 1997
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Futur des galaxies
Fin de vie des étoiles de plus petites masses 

Le temps de vie d’une étoile dépend de sa masse

avec 𝛼 ≈ 2.5 – 3 pour les étoiles de petites masses.

 ~ 12 - 20 milliards d’années pour une étoile de 0.8M⦿
  ~ 20’000 milliards d’années pour une étoile de 0.08M⦿

La grande majorité des étoiles ont une masse inférieure à 0.8M⦿ 

 Pendant ce temps, la luminosité des galaxies restera similaire 
      à leur luminosité actuelle  Lgal ~  qq 1010 L ⦿

13 to 25 MJupiter

25 Mjupiter 
to 0.8M⦿

0.8 – 2 M⦿

2 to 8M⦿
> 8M⦿
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Futur de l’Univers
Jusqu’à la fin de l’ère stellaire (~ 104 à 105 milliards d’années)

A journey to the future - MELODYSHEEP is John D. Boswell, a Washington State based musician and filmmaker. C.Charbonnel – Cours UniGe 1051 – 20231219

ttps://www.youtube.com/watch?v=uD4izuDMUQA


Futur de l’Univers
Ère de la dégénérescence [1015 à 1030 ans] – Life in the dark

C.Charbonnel – Cours UniGe 1051 – 20231219



Crédit: F.X.Timmes

13 to 25 MJupiter

25 Mjupiter 
to 0.8M⦿

0.8 – 2 M⦿

2 to 8M⦿
> 8M⦿

Futur des galaxies
Nature des résidus d’étoiles

En nombre : 45 % naines brunes – 55 % naines blanches – 0.26 % étoiles à neutrons
En masse : 9.7 % naines brunes – 88 % naines blanches – 2.4 % étoiles à neutrons

C.Charbonnel – Cours UniGe 1051 – 20231219



Futur de l’Univers
Ère de la dégénérescence [> 1015 ans] – Life in the dark
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taille ~ Terre

taille ~ Genève taille ~ plainpalais

Nature des résidus d’étoiles

Systèmes multiples, collisions, fusions 
WD-WD  SNeIa
NS-NS  NS ou BH 

 short gamma-ray bursts, kilonovae

Crédit: ESO University of Warwick/Mark Garlick

Mark Myers, ARC Centre of Excellence for Gravitational
Wave Discovery (OzGrav)

BH-BH
GW190521 (VIRGO Italie –LIGO USA)
BH(85M⦿)-BH(66M⦿)  BH(142M⦿)

C.Charbonnel – Cours UniGe 1051 – 20231219

https://www.eso.org/public/images/eso1733s/


Futur de l’Univers
Ère de la dégénérescence [> 1015 ans] – Life in the dark

C.Charbonnel – Cours UniGe 1051 – 20231219



Spitzer https://go.nasa.gov/3eY8vY5

Futur de l’Univers
Ère de la dégénérescence [> 1015 ans] – Life in the dark

C.Charbonnel – Cours UniGe 1051 – 20231219

https://go.nasa.gov/3eY8vY5


https://svs.gsfc.nasa.gov/13043 
NASA's Goddard Space Flight Center/Scott Noble; simulation data, d'Ascoli et al. 2018

The new simulation shows three orbits of a pair of supermassive black holes only 40 orbits from merging. 
The models reveal the light emitted at this stage of the process may be dominated by UV light with some high-
energy X-rays, similar to what’s seen in any galaxy with a well-fed supermassive black hole. 

Futur de l’Univers
Ère de la dégénérescence [> 1015 ans] – Life in the dark

C.Charbonnel – Cours UniGe 1051 – 20231219
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Futur de l’Univers
Ère de la dégénérescence [1019 à 1020 ans]

Systèmes multiples, collisions, fusions 
Processus dynamiques
 Les résidus sont éjectés hors de leur galaxie (~ 90%)

ou fusionnent dans le trou noir galactique central (~ 10%)

BH accretion disk visualisation
https://svs.gsfc.nasa.gov/13326 C.Charbonnel – Cours UniGe 1051 – 20231219



Futur de l’Univers
Ère des trous noirs [1043 à 10110 ans]

Evaporation des trous noirs par effets quantiques 
(rayonnement de Hawking: photons, gravitons, neutrinos, puis quarks, muons)

Trous noirs de masse stellaire  ~ 1065 ans
Trous noirs supermassifs ~ 10110 ans

C.Charbonnel – Cours UniGe 1051 – 20231219



Futur de l’Univers
Ère sombre [1043 à 10110 ans]

Matière noire, photons, baryons, neutrinos, électrons
Matière diffuse, énergie très faible, temps caractéristiques infinis
Annihilation de la matière

La chronologie décrite fait l’hypothèse que le proton se désintègre (demi-vie > 1035 (- 1038) ans)

C.Charbonnel – Cours UniGe 1051 – 20231219



The Future?
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Destin 4nal de l'Univers

Densité d’énergie sombre constante
Grand refroidissement
Big freeze

Densité d’énergie sombre diminuant
Grand effondrement
Big crunch 

Densité d’énergie sombre croissante
Grand déchirement

Big rip

Futur de l’Univers 
Trois scénarios selon la nature (variable ou non) 

de l’énergie noire 

© Nasa/CXC/M. Weiss

***
* * * * * * *Supernovae *

*
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Futur de l’Univers
Après la fin de l’ère stellaire (> 104 à 105 milliards d’années)

A journey to the future - MELODYSHEEP is John D. Boswell, a Washington State based musician and filmmaker. C.Charbonnel – Cours UniGe 1051 – 20231219

ttps://www.youtube.com/watch?v=uD4izuDMUQA


Cours 14 – 19 décembre 2023
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Le futur de l’Univers
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Destin 4nal de l'Univers


