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- Croal: &rfj to convinee you Ehat there is an Emaampaﬁbiuﬁ bebween
skakiskical mechanics and khe way we deal wikh gra\/&v 02 large
scales.
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- The im c;)nf correlations i

stabisktical wechawnics
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- The importance of corre
stakistical mechanics
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- With a control volume V1, the
disktribution is

Uncorrelated fluid at all scales Correlated fluid at large scale

,0(7) # cst Pz(q iy P1(7’)P1( r)

— With a control volume V2, the
- distribubion is
(hon-ideal)
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- Correlations in Lliquids/solids and th

w w = jdeal fluid
w—— real gas
— |iquid

Y Y Y Y Y O
S .

-~ v

¢ (
"

w2031

At large scale, the universe is
homogeneous and iso&ropé& buk
non-icdeal (Ehe wmosk non-ideal
Huid we will ever sEu,cij)

1]—s8; slar-star

1j=gg: gas-gas
ij—gs: gas-star
ideal

Gih = 4

|
a: %
Redshift

grav. bound grav. unbound




- The importance of correlations in self
gravitating as%roykvswal flows

- Virial theorem is most of the time
apgtied i a very simpu&ed way i
astrophysics

- e.9. Zwicky 1933 need dark matter
to explain velocity dispersion in the

Coma Cluster
GM

R

(v)? =

- But correlabions matter for the Virial theorem
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gravitating astrophysical flows

- A semi-analytical example for finite size systems: the Lane-
Emden equozmm, kvdrc:-s&aﬂc solution of self-gravitating
polytropic stars P=K rho"gamma (n=1/(gamma~-1))
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e tmpor tawnce O“f correlations i se H:
gravitating astrophysical flows

- Bul correlations matter for the Virial theorem
N- st
— 2 < E. % = i e TJ' Py(r,r)o(|r —r'|)dVdV’
V.V

- Problem: for infinite systems, the gravitational interaction
enerqgy does not converge in the thermodynamic Limit because
the gravitational force is long range and always attractive

Fluid of polytropic stars: long-range
interactions should not be accounted for the
viral theorem it a star: El«@.v conkribute to the

star-cluster c&vmamia
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e tmpor tawnce O“f correlations i se H:
gravitating astrophysical flows

- Bul correlations matter for the Virial theorem
N- st
— 2 < E. % = i e TJ' Py(r,r)o(|r —r'|)dVdV’
V.V

- Problem: for infinite system, the gravitational interaction
enerqgy does not converge in the thermodynamic Llimit because
the gravitational force is long range and always attractive

e
2
e i

Decompose the force inko a near-field and far-
fleld component and use near-field for the virial
theorem

¢ s ¢e—r//10 i ¢(1 o e—r//lo)
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gr&vi%aiv\,.g as%roykjswal flows
- Hierarchical viral Eheorem
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- The v F«'OT"%&M{’: Oﬂf cor TQLO\% LONS L
skabistical wmechanics ol

N2
- We can d@f&me oA ealin <H_ > ~ —J' P,(F)P,(rd(| 7 — 7'|)dVdAV’
interaction field only 2 Jyy
in the absence of

correlations: 3 %L] p(r) L/, p(Fp(| 7 —7'|)dV'dV
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- Using a mean field is an approximation of the N-Body problem
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Uncorrelated fluid at all scales
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Correlated fluid at large scale 4 2
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buk

......

as
they ignore the correlations, Le. they
are mean—field theories
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- Second lLaw: !
< Ma’> | =tk st S

2ma; | = 2; j]§',2—>i,1

Nlj ma(r)P(r)dV, = N1N2J Py(7, r))fr_:dV,dV; |
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- First law, for an isolated

fHuid volume: T T
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- Using P,(7,7") = P|(F)P,(¥)
oma~pmG a~G G=-VO
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- Cosmological models

- Einstein équaEiams c::wf qeneral
relativity

-  Assumiing aln homogeneous
and isotropic fluid

~ assuming an ideal fHluid

-> Standard cosmological model
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- Cosmological models

- Einstein equa&a»ms c::wf qeneral
rei.&&v&&v
-  Assuming aln homogeneoug
ahnd Eso&ropw fHuid i
- assuming an ideal fluid
g(r) > 1
-> Standard cosmological model
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- Cosmological models

T’@.i.o&i\/&%v

- With nfinite resolution,
the universe is
ithomogeneous and ideal
and Poisson/Einstein
equakions can be used ->
ihomoqgeneous &osmotagv
(e.9. Buchert et al.)

Einstein equations of general @
Assuming an homogeneoug
and Esoﬁropie fluid
assuming awn iceal fluid

-> Standard cosmological model

1%

< .2 23
e Y |
T -3
h, N -
N Y
W
B - 9 =
3 W
o) 3
C S .
. »
Y 3
g
SEELIEN
[P R

g) > |

X

At large scale, the universe is
homogeneous and isa&ropic buk
non-icdeal (Ehe wosk non-ideal
fHuid we will ever sEu.cij) and
Poisson/Einstein equa&ams
cannot be used -» non-ideal
tasmologj



- nohn-td

al &OSMOL(JSj

~ Starts from Newltonian demonstration of Friedmanin

equa&&oms and add correlaktio
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- non-ideal cosmo logy

~ Starts from Newltonian demonstration of Friedmanin
equations and add correlations as the Viral
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- non-ideal cosmwo Lagv

Starts from Newltonian demonstration of Friedmann
equations and add correlations as in theorem
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- non-ideal cosmwo Lagv

~ Starts from Newltonian demonstration of Friedmanin
equations and add correlations as in theorem
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- hoh-ideal cosmology

~ Starts from Newltonian demonstration of Friedmanin
equations and add correlaktions as in Ehe Viral Eheorem

Assumiing that alpha_wni as varied

= e Oh from 1 ko 20 during the age of
ofi the Universe, we get an analytical
o Jed expression for the acceleration:
n "~ 9

1 In(p/p,) 1 In(20) s
D O e N DT .

Ghi
[, (17 = 71)PyF. F)avdV"

Uni = 3, < = = , Iv\ferreci 9 value ﬂfrc)m ‘T“jye la
Hvyéb(” r'[)P(r)P(r’)dvdV superovae:

g=-10x04




edmanin equations

Ideal LCDM: addA darle ma&&er/ev\@.rgj

H i o (Ppt
3c?
na gl
H%. - -2
Non-ideal: add correlations
0 87er
Bie il 3ed oo
% |
Gni ~ 5—

[, ¢(17 = 71)PyF, F)dVdV’
T ¢ F = FDP(DPFE)AVAV

The baryon energy densit
account for V5% of the observed
expansion

Estimabions of alpha_ni lie
bebween § and 20 potentially
explaining the observed expansion

Assuming that alpha_wni as varied
from 1 ko 20 during the aqe of
the Universe, we qeb an amai.j&ﬁ:al.
expression for the acceleration:

1 In(p./ 1 In(20
Gni ~ < — ali) et i )z—1.06

Qe BN T

Inferred gq value from Type la
supernovae: 4= —1.0+0.4




- We propose to account for correlaktions in astrophysical self-
gravitating flows bv using a non-ideal viral theorem, non-ideal
Navier-Stockes equations and non-ideal Friedmanin equations

- This is not a modification of newton law of gravitation, This does
not contradict Poisson/Einstein theories, they remain valid ¢ one
can use them taking into account all ihomogeneities down to the
scale ab which we can assume the fuid to be ideal. They, however,
cannot be used for a correlated (non-ideal) fluid

- The universe at large scale is homogeneous and isotropic but non-
ideal, the most non-ideal fluid we will ever study: the standard
model of cosmology should be revised to roperly take into
account correlations, even when using Lamgda and CDM.



- Conclusions

- The strength of this approach is that the non-ideal effects are
linked to the correlation function that can easily be constrained in
astrophysics by observations, or numerical simulations ot different
scale

- This is still a very simple model, a Lot needs to be done to properly
address other observable constrains (CMB, grav. Lensing, ebc)



- Nown-ideal s ravitat g hvc{ra dv MAWLES

Non-ideal equotion of stole: impact of the gravitational
interaction on transport properties of a fluid

2ot
P = pkpT — —ﬂpzf g(r) Pr) ridr

3 0 dr
pkyl I8 2
pe = + 2np° | g(r)p(r)r-dr
Yk 0
« Virtal Fheorem » Ideal hjpaﬁhesis ok E;ﬂf
- virial equilibrium: P=0 2% dep(r)
- Expansion >0 Rkl aR 2 1 : o

- Gravitational &OHQFSQ s R < 4, lﬁf the Jeawns length is resolved



- Nown-ideal self-qravitating hydrodynamics

Non-ideal equotion of stole: impact of the gravitational
interaction on transport properties of a fluid

2ot
P = pkpT — —ﬂpzj g(r) Pr) ridr
3 0 dr

R

o ZﬂpZJ g(N(r)r’dr
0

~ pkgT
g

pe

- Problem: for infinite system, the gravitational interaction
enerqgy does not converge in the thermodynamic limit because
the gravitational force is long range and always attractive



- Non-ideal self-gravitating hydrodynamics

Non-ideal equotion of stole: impact of the gravitational
interaction on transport properties of a fluid

2o - od
P = pkpT — —ﬂpzj g2(7) Pr) rdr
3 0 dr

R

o 271',02J' g(N(r)r’dr
0

~ pkgT
g

pe

Decompose the force inko:

- o hear-field component accounted for
in the E0S by statistical mechanics D = Pint + Pexe

- A far-field tampomemﬁ as an exterinal b = e A 4 h(1 — e~AY)
force in the mean field approximation
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- Nown-ideal self-qravitating hydrodynamics
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- Nown-ideal self-qravitating hydrodynamics
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- Nown-ideal self-qravitating hydrodynamics

Rotation curve of galaxies
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- Nown-ideal s ravitat g kvdrc"} dj MAYLES

Wi o 02
U= — 1
ot R A0 <'0 m Y ) =, 0™, » — component : {tg) — _ongtaf
r m
@p 7 —> i &g = 0th g — i 0 =0
gz s (Pmu &+ U) —F , 0 — component : ,
[
Ome — £y —(I/tg)z 1 oPY
u u) = T (yha 3K t: = :
3 + V (pmuE+ O u) = U ¥ — componen s e g
1 0 [ ouy
0™, & — component : S [ i Sl s
r or or
tation curve ot qalaxi 1 T o[ by (1)
Rotation curve of galaxies ALV S J e 20 5
] ] ] ] . r
A F?bmse Eransibion to a viscous ﬂfimd? szo

—r/Ax
9
r

Tajiormﬁau@.%%e fHow with ¢, (1) = — ——e



-4 =2 0

- Nown-ideal self-qravitating hydrodynamics

apm — L G 2 2
= +V(pmu)—0,

00 Us s aiih it

pg;“ +V (0, T ® W +0) = Foy,

apa";E +V{p,RE+c- &)= F . W,

| Voglis et al. (Roog),
. Harsoula &
| Kalapotharakos (2009)

Rotation curve of qgalaxies
A phase transition to a viscous fHuid?
Impulsion transter by interactions



- Nown-ideal self-qravitating hydrodynamics

apm 25, S S
= +V(pmu)—0,
op, U — s
pg;“ +V (0, T ® W +0) = Foy,
op. E e
m AVl B = F T

Viscous regime
Vo —> (.3

' | Voglis et al. (2006),
w80 PR p— . Harsoula &
okation curve of qalaxies BPIAE B il ties (2009)
A phase transition to a viscous fHluid? - '




- Nown-ideal self-qravitating hydrodynamics

Rotation curve of qgalaxies
A phase Eransition to a viscous fluid?



