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The Chaplygin gas

A
p=—— (Chaplygin, 1904)
0

# |Integrable - large symmetry group

® Obtainable from Nambu-Goto action for d - branes
moving in a (d + 2) - dimensional spacetime

# Admits a supersymmetric generalization (only known
fluid)
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Example: string in 3-dimensional spacetime.
Light cone gauge Hamiltonian density:
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Hamilton equations: 0,z =11, 9%z — 0%z = 0
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Chaplygin gas from branes

Example: string in 3-dimensional spacetime.
Light cone gauge Hamiltonian density:

H= % / 1% + (Op2)%]do

Hamilton equations: 0,z =11, 9%z — 0%z = 0

# Introduce the density p(z) = (0,7) !
# [ntroduce the velocity v = II
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Hodograph transformation:
T,0 — 1,2
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Hodograph transformation

1
Orx=v=1I, Oyx==, O0%—0°r=0
P
Hodograph transformation:
T,0 — 1,2

dt = dr
dr = O;x dT + Oyx do
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Hodograph transformation:
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. 0*r— 0% =0
Hodograph transformation:
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First Hamilton’s equation: 0,z = v
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Hodograph transformation

Orr =v =1I, 8(,3::%, %z — 0%x =0
Hodograph transformation:
T,0 — 1,2
dt = dt Or = O + V0,
{dxvdT—l—;da H{&,};&U

First Hamilton’s equation: 0,z = v — 0,0, = Oyv

— (O + v@x)% = %&Ev — O + O (pv) =0

Continuity equation
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Hodograph transformation

Orx=Il=v, Ox—0x=0, p(x)=(0sx)""

dt = dr 0, = Oy + vOy
—
dx:vd7+%da a(,:%ax

String (Hamilton’s) equation: 9%z — 9%z = 0
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Orx=Il=v, Ox—0x=0, p(x)=(0sx)""

{dth {aTatﬂax

_ 1 _ 1
dx—vdT—l—pda 80—/0833

String (Hamilton’s) equation: 9%z — 9%z = 0

p(Or +v0z)v = 0,(1/p)
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Hodograph transformation

Orx=Il=v, Ox—0x=0, p(x)=(0sx)""

{dth {878t+v5’x

_ 1 _ 1
dx—vdT—l—pda 80—/0833

String (Hamilton’s) equation: 9%z — 9%z = 0

p(Or +v0z)v = 0,(1/p)

Euler’'s equation
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Hodograph transformation

Orx=Il=v, Ox—0x=0, p(x)=(0sx)""

{dth {878t+v5’x

_ 1 _ 1
dx—vdT—l—pda 80—/085,;

String (Hamilton’s) equation: 9%z — 9%z = 0

p(Or +v0z)v = 0:(1/p)

Euler's equation provided p = —
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The multidimensional scenario

L.Randall, R. Sundrum, 1999
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The multidimensional scenario

ldea: a warped universe

ds? = e 2/ (at? — da? — dad — da?) — dy?

AdS geometry
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ldea: a warped universe

ds? = e 2/ (at? — da? — dad — da?) — dy?

® [ =AdS radius; A = —%

» y - fifth additional
non-compact coordinate
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The multidimensional scenario

ldea: a warped universe

ds? = e 2/ (at? — da? — dad — da?) — dy?

® [ =AdS radius; A = —%

» y - fifth additional
non-compact coordinate

® Aty = 0: orbifold
conditions
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The brane

#® Christoffel symbols have jumps at y =0
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The brane

#® Christoffel symbols have jumps at y =0
#® The curvature tensor has ¢ terms
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The brane

#® Christoffel symbols have jumps at y =0
#® The curvature tensor has o terms
#® Must introduce a brane at y = 0
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The brane

#® Christoffel symbols have jumps at y =0
#® The curvature tensor has o terms
#® Must introduce a brane at y = 0

® Brane tension: \ = ?
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Brane in adS-BH background

A. Kamenshchik, U. M., V. Pasquier, Phys. Lett. B487
(2000)
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Another type of foliation

Instead of a Minkowski brane take a brane with R x S¢
topology in a (d + 2)-dimensional adS bulk
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Brane in adS-BH background

Another type of foliation

Instead of a Minkowski brane take a brane with R x S¢
topology in a (d + 2)-dimensional adS bulk

Tension not enough: need matter on the brane. A fluid?

d—1 4d
Equation of state p = —( )P _
d pl?
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Brane in adS-BH background

Another type of foliation

Instead of a Minkowski brane take a brane with R x S¢
topology in a (d + 2)-dimensional adS bulk

Tension not enough: need matter on the brane. A fluid?

d—1 4d
Equation of state p = —( )P _
d pl?

41

For d=1 p= _Z_QE
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Chaplygin gas from branes II
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Embedding of a 3+ 1 brane in a 4 + 1 bulk is described
by coordinates M = (z#, 2*)
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Embedding of a 3+ 1 brane in a 4 + 1 bulk is described
by coordinates M = (z#, 2*)

Bulk metric is gp;n
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by coordinates M = (z#, 2*)

Bulk metric is gp;n
The induced metric on the 3 + 1 brane is

G = G — 0,0,
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Chaplygin gas from branes II

Embedding of a 3 + 1 brane in a 4 + 1 bulk is described
by coordinates M = (z#, 2*)

Bulk metric is gp;n
The induced metric on the 3 + 1 brane is

G = G — 0,0,

0(x*) 1s a scalar field describing the embedding of the
brane into the bulk.
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Chaplygin gas from branes II

Embedding of a 3 + 1 brane in a 4 + 1 bulk is described
by coordinates M = (z#, 2*)

Bulk metric is gp;n
The induced metric on the 3 + 1 brane is

G = G — 0,0,

The action for the brane (f is the brane tension):

Sbrane = /d4$\/?§(—f + .. )
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Chaplygin gas from branes II

Embedding of a 3 + 1 brane in a 4 + 1 bulk is described
by coordinates M = (z#, 2*)

Bulk metric is gp;n
The induced metric on the 3 + 1 brane is

G = G — 0,0,

The action for the brane (f is the brane tension):

Sbrane = /d4$\/?§(—f + .. )

— /d4x\/—7g\/1 — g/WH,IMQ’V(—f -+ .. )
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0,0
T , = 5V + y 1 — /.Ll/e HV
M f <\/1 . guyenue’]/ glu’ \/ g Y A )

— (p T p)u,uul/ — PYuv
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0.,
T = s
L f (\/1 _guyenugjy

— (p T p)u,uul/ — PYuv
with the following identifications:

+ g/ 1 — gWQMH,V>
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0,0
T y — 7/’L 71/
v (\/1 — g0 .u0,
— (p T p)u,uul/ — PYuv

0 1
V90,0,

+ g/ 1 — gFWG,MH,V>

Four-velocity u,, =
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0,0
T y — 7/’L 71/
v (\/1 — g0 .u0,
— (p T p)u,uul/ — PYuv

0 1
V90,0,

+ g/ 1 — gWQMH,V>

Four-velocity u,, =

Pressure p = —f/1 — g"v0 ,0,
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0,0
T , = 5V + y 1 — ,U,l/e ey
M f <\/1 . g'uye,,ue’]/ g:u \/ g Y A )

— (p T p)u,uuu — PYuv
0.u

Four-velocity u, = ’
y M \/9’“/9,#9,1/

Pressure p = —f/1 — g"v0 ,0,

1

Energy density: p = f\/1_gw9 >
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0,0
T — 7:“' 71/
vt (\/1 — 90,0,
— (p T p)u,uuu — PYuv
0.u
V90,0,

Pressure p = —f/1 — g"v0 ,0,

+ g/ 1 — 9‘“/9,#97”)

Four-velocity u,, =

1

Energy density: p = f\/l_gW@ >

Chaplygin’s gas with A = 2.
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Chaplygin cosmology: theory
and observations




FRW-Chaplygin Cosmology

A. Kamenshchik, U. M., V. Pasquier, Phys. Lett. B (2001)
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ap + 3a (p—;) =0




FRW-Chaplygin Cosmology

A B
0 a




FRW-Chaplygin Cosmology

. . A B
ap + 3a p—; =0 p = A+E

B is an integration constant chosen positive
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FRW-Chaplygin Cosmology

. . A B
ap + 3a p—; =0 p = A+E

For small a(t) (early times): dust-like behavior

VB
pN?

For large a(t) (late times): cosmological constant -like

behavior
p ~ \/Za p ~ _\/Z
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FRW-Chaplygin Cosmology

. . A B
ap + 3a p—; =0 p = A+E

For small a(t) (early times): dust-like behavior

VB
ﬂN?

For large a(t) (late times): cosmological constant -like

behavior
p ~ \/Za p ~ _\/Z

A = VA is the asymptotic cosmological constant
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Mixture of c.c. A = +/A and stiff matter p = p

Chaplygin’s cosmic evolution:

dust — like

matter

The Chaplvain aas

—n. 35/69



FRW-Chaplygin Cosmology

The subleading terms at large values of a give
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Mixture of c.c. A = +/A and stiff matter p = p

Chaplygin’s cosmic evolution:
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FRW-Chaplygin Cosmology

The subleading terms at large values of a give

\/_+\Q \/_+\Q6

Mixture of c.c. A = +/A and stiff matter p = p

Chaplygin’s cosmic evolution:

cosmological
dust — like constant deSitter
— — .
matter —+ universe

stifl matter

The Chaplvain aas

—n. 35/69



A will Increase

Now:
P =Dry +PM = — 2=\
p=pr, + PM = oMo+ pus
PMm 3

PAg 7
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A will Increase

Now:
P =Dry +PM = — 2=\

P = PAy T PM = —47§GA0 - PM
pm 3
PAg 7

Comparing these data with the Chaplygin gas model one
has:

Ay ~ 1.2/
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A will Increase

Now:
P =Dry +PM = — 2=\

P = PAy T PM = —4;?@/\0 - PM
pm 3
PAg 7

Comparing these data with the Chaplygin gas model one
has:
Aso ~ 1.2A¢

Comological constant may be Iincreasing

The Chaplvain agas — p. 36/69



Time evolution

|
wloo
N
!
e}
_|_
ol
|
|

Friedmann eq. (%)2
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Time evolution

Friedmann eq. (%)2 — %wG\/A +2 -5

a2

for the flat case K=0 it can be solved
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Time evolution

Friedmann eq. (%)2 — %wG\/A +2 -5

a?
14+ -8B
t — 1 T (ln ( A;6)
6A4 (1+Aa6

o 2 arctan (1 + i)‘liL 4o
)i—1 Aab

ANTE BN
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#® [or open or flat space (X = —1,0) the universe
always evolves from deceleration to acceleration
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#® For open or flat space (K = —1,0) the universe
always evolves from deceleration to acceleration

#® [or the closed models (K = 1), there exists a static
Einstein universe solution

Sy
|

apg — (SA)_ ,
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For open or flat space (K = —1,0) the universe
always evolves from deceleration to acceleration

For the closed models (K = 1), there exists a static
Einstein universe solution

1 2
ap = (3A) 4, B=—=
0 = (34) ey
2
When B > VT a(t) can take any value
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For open or flat space (K = —1,0) the universe
always evolves from deceleration to acceleration

For the closed models (K = 1), there exists a static
Einstein universe solution

2

ap = (34) *, B= m

2
When B > VT a(t) can take any value

When B < there are forbidden radii; either

_2
3vV3A
a<a1:ﬁ(\/§sin§—cos§) Ora>a2:\/%—Acos§

@ = m — arccos 3V 3AB/2.
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The inhomogeneous C. G.

Mixed component of the energy-momentum
T/’j — (p —|—p)u’uuy — 5Zp
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In comoving coordinates v’ = 1/,/g00 u* =0
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The inhomogeneous C. G.

Mixed component of the energy-momentum
T,LIL/ — (p —|—p)uuu’/ — 5Zp

In comoving coordinates v’ = 1/,/g00 u* =0

T2 = (p+ p)uiv® = (p + p)gio(u®)? = (p + p)gio/ goo
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The inhomogeneous C. G.

Mixed component of the energy-momentum
T,LIL/ — (p —|—p)uuu’/ — 5Zp

In comoving coordinates v’ = 1/,/g00 u* =0

0 =p, T =-6lp, Tj=0
Tz'o = (p+ p)uiu’ = (p + p)gio(u’)* = (p + p)gio/ goo

" Ho
Energy conservation 7', = 0 reads

p=—32(p+p)
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The inhomogeneous C. G.

Mixed component of the energy-momentum
T,LIL/ — (p —|—p)uuu’/ — 5Zp

In comoving coordinates v’ = 1/,/g00 u* =0

0 =p, T =-6lp, Tj=0
Tz'o = (p+p)uu’ = (p+p)gio(u’)? = (p + p)gio/ 900
Energy conservation T(‘)‘_M = (0 reads

p=—32(p+p)

.. — gi08j0 y 1] 1)
Yij = 90(;7 — G5, v = —g"
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aas — n. 39/69



The Chaplvain aas — p. 40/69



Chaplygin gas p = —

A
P
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p=—5-(p——
27 P

This equation can be integrated

p(Z,t) = \/A + B2)

v(Z, 1)
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SR NP
Pp=—Z—\pP— —
27 P

This equation can be integrated

p(Z,t) = \/A + B2)

v(Z, 1)

B(Z) Is an arbitrary function of the spatial coordinates
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The "statefinder" diagnostic 1

V. Gorini, A. Kamenshchik, U. M. (2003)




The "statefinder" diagnostic 1

Proliferation of models explaining cosmic acceleration.
How to discriminate between them?
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The "statefinder" diagnostic 1

Proliferation of models explaining cosmic acceleration.
How to discriminate between them?

Statefinder parameters

Sahni, Saini, Starobinsky, Alam 2002
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The "statefinder" diagnostic 1

Proliferation of models explaining cosmic acceleration.
How to discriminate between them?

Statefinder parameters

a r—1
r = S =
aH3’ 3(q —1/2)
qg=— ¢ 5 — the deceleration parameter
aH
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The "statefinder" diagnostic 1

Proliferation of models explaining cosmic acceleration.
How to discriminate between them?

Statefinder parameters

a r—1
r = S =
aH3’ 3(q—1/2)
qg=— “ _ _ the deceleration parameter

aH?

Involve the third time derivative of the cosmological radius
a
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The "statefinder" diagnostic 2




The "statefinder" diagnostic 2

: Oop . 0
p=35,0=-3/p(p+p)5;

r:1+%(1+1—’)g—f3, s:(1+ﬁ)g—f;




The "statefinder" diagnostic 2
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The "statefinder" diagnostic 2

For the Chaplygin gas one has:
2 _ op - A

Ve — — = —( = —
* o 0p  p?
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The "statefinder" diagnostic 3

2.2
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A\CDM fixed point -
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The "statefinder" diagnostic 3

The Chaplygin gas statefinder s takes negative values (in
contrast with quintessence).

For ¢ = —0.5 the current values of the statefinder (within
our model) are s ~ —0.3, r~1.9
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The "statefinder" diagnostic 3

The Chaplygin gas statefinder s takes negative values (in
contrast with quintessence).

For ¢ = —0.5 the current values of the statefinder (within
our model) are s ~ —0.3, r~1.9

Future experiments will discriminate the pure Chaplygin
gas model from ACDM model
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Chaplygin gas + Dust

Np+p)dp  _ptpIp
2(p + pa) Op p Op
If the second fluid is the Chaplygin gas

r=1+
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Chaplygin gas + Dust

Np+p)dp  _ptpIp
2(p + pa) Op p Op
If the second fluid is the Chaplygin gas

r=1+

A

Dust: p1 =

w

a
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Chaplygin gas + Dust

Np+p)dp  _ptpIp
2(p + pa) Op p Op
If the second fluid is the Chaplygin gas

r=1+

Dust: p; = a—% Chaplygin gas: ps = \/A -+ %

The Chaplvain

aas — n. 44/69



Chaplygin gas + Dust

Np+p)dp  _ptpIp
2(p + pa) Op p Op
If the second fluid is the Chaplygin gas

r=1+
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Chaplygin gas + Dust

No+p)dp _ptp0p
2(p + pa) Op p Op
If the second fluid is the Chaplygin gas

r=1+

9s(s+1)
S Ny
0
Pd
— =/ —SkK
p

K= T IS the ratio between the energy densities of dust

and of the Chaplygin gas at the beginning of the
cosmological evolution
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Chaplygin gas + Dust




Chaplygin gas + Dust




Chaplygin gas + Dust

Possible solution of the
cosmic coincidence co-
nundrum. Here initial val-
ues of p; and p can havs
same order of magnitude.




The generalized Chaplygin gas

A. Kamenshick, U.M., V. Pasquier (2001)

A
p:——a O<Ck<1

P >0




The generalized Chaplygin gas

1

B \ Tt
b= P~ (A+ a3(1—|—a))




The generalized Chaplygin gas

_ A (4 BT
P = P P = a3(1+a)




The generalized Chaplygin gas




The generalized Chaplygin gas

A B\ T
b= - (A T aS(l—l—a))
B 1 ! 5 dp
Wo=— |1+ A a3(a—|—1)] ’ ‘o = d_p -

Comes from a (rather artificial) Born-Infeld action:

(83

L= _Alj%a[l — (guye,ue,u)%]m

Bento, Bertolami, Sen 2002
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The generalized Chaplygin gas

1
B 1 5 dp
cosm.const.
dust — like + deSitter
— — _
matter a perfectfluid universe
p=ap

The Chaplvain

aas — n. 46/69



The generalized Chaplygin gas

1
B 1 5 dp
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matter a perfectfluid universe
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The gCg: superluminal case




The gCg: superluminal case

A H2 [ 1-A\Te
- —— > —_— =
p P a1 H% (A ™ a3(1—1—a)> a

A= A/(A+ B) and Hy is the Hubble constant.
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A= A/(A+ B) and Hy is the Hubble constant.
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The gCg: superluminal case

A H2 [ 1-A\Te
- —— > —_— =
p P a1 H% (A ™ a3(1—1—a)> a

A= A/(A+ B) and Hy is the Hubble constant.
Redshift of the transition to the superluminal gCg:

A(a—1)]7@m
281:[ (O{ )] — 1.

1—A

A and « are not independent
Redshift the transition to the accelerated phase

2121 3(a1—|—1) . 04
Ztr — [m] — =~ U.
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The gCg: superluminal case

A H2 [ 1-A\Te
- —— > —_— =
p P a1 H% (A ™ a3(1—1—a)> a

A= A/(A+ B) and Hy is the Hubble constant.
Redshift of the transition to the superluminal gCg:

A(a—1)]7@m
281:[ (C‘f )]

— 1.
1-A

A and « are not independent

Redshift the transition to the accelerated phase

121 B (1 4 Ztr)S(l—l—Ot) N (1.45)3(1—1—05)

24 (1 4 Ztr)3(1+a) 94 (1.45)3(1—1—05) )
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Comparison with observations

Observations seem to favor the generalised Chaplygin
gas over other models

The Chaplvain agas — p. 48/69



Comparison with observations

Observations seem to favor the generalised Chaplygin

gas over other models

TABLE 1
SUMMARY OF THE INFORMATION CRITERIA RESULTS

x2/ dof  GoF (%) AAIC ABIC

Flat cosmo. const. 194.5 / 192 43.7 0 0
Flat Gen. Chaplygin 193.9 / 191 42.7 1 5
Cosmological const.  194.3 / 191 42.0 2 5
Flat constant w 194.5 / 191 41.7 2 5
Flat w(a) 193.8 / 190 41.0 3 10
Constant w 193.9 / 190 40.8 3 10
Gen. Chaplygin 193.9 / 190 40.7 3 10
Cardassian 194.1 / 190 40.4 4 10
DGP 207.4 / 191 19.8 15 18
Flat DGP 210.1 / 192 17.6 16 16
Chaplygin 220.4 / 191 7.1 28 30
Flat Chaplygin 301.0 / 192 0.0 30 30

NOTE. — From Davis et al. astro-ph:0701510
The flat cosmological constant (flat A) model is preferred by both
the AIC and the BIC. The AAIC and ABIC values for all other
models in the table are then measured with respect to these lowest
values. The goodness of fit (GoF) approximates the probability of
finding a worse fit to the data. The models are given in order of
increasing AAIC.
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Perturbations

The pure gCg has passed many tests of standard
cosmology. However the behaviour of the gCg under

perturbations is still problematic [Tegmark et al. , Bean et
al.]
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Perturbations

#® Power spectrum of large scale structures seems to
Indicate [Tegmark et al] that the best fit value of « Is
very close to zero, rendering the gCg
Indistinguishable from ACDM (but see previous
remarks on the ccp).
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# Power spectrum of large scale structures seems to
Indicate [Tegmark et al] that the best fit value of « Is

very close to zero, rendering the gCg
Indistinguishable from ACDM (but see previous

remarks on the ccp).

# This behaviour has to be attributed to the gCg sound
velocity which, during the cosmic evolution, grows
from O to /a driving inhomogeneities to oscillate (if
a > 0) or to blow—up (if o < 0).

The Chaplvain aas — p. 49/69



Perturbations

#® Power spectrum of large scale structures seems to
Indicate [Tegmark et al] that the best fit value of « Is
very close to zero, rendering the gCg
Indistinguishable from ACDM (but see previous
remarks on the ccp).

# This behaviour has to be attributed to the gCg sound
velocity which, during the cosmic evolution, grows
from O to /a driving inhomogeneities to oscillate (if
a > 0) or to blow—up (if o < 0).

® This feature seems to be common to all UDM models
[Tegmark et al.] that might appear to be ruled out.
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Gauge Invariant perturbations

V. Gorini, A. Kamenshick, U.M., O. Piattella, A.
Starobinsky work in progress




Gauge Invariant perturbations

/"

( —]€2CI) — 3&H2(i) — 37’(2(1) — CL2 Z?J,\il pi5z'
HP + aHS = a S0, (pi + pi) Vi
(aH)* & + (4aH2 + a2HH) b + (2aHH + H2) o —

2N 2 ¢
. = a Zizl Csipz(sz»




Gauge Invariant perturbations

( —k2q) — 3@7‘(2(1) — 37’(2(1) — a2 27],\;1 pidi

HP + aHS = a S0, (pi + pi) Vi

(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —
L CL2 Z?J,\il ngpz(sza

a(n) Is the scale factor as a function of the conformal time
n. Its present epoch value is normalized to unity

/"
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Gauge Invariant perturbations

( _k2® — 3aH2D — 3H2D = o2 Zf\il 0i0;

HP + aHD = aZfil (pi +pi) Vi

(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —
| = a’ Zi\i1 ng'pi(sia

H(n) = d' /a, where the prime denotes derivation with
respect to the conformal time

/"
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Gauge Invariant perturbations

( —]€2CI) — 3aH2<i> — 37’(2(1) — a2 27],\;1 pi5z'
HP + aHS = a S0, (pi + pi) Vi
(aH)* & + (4aH2 + a2HH) b + (2aHH + H2) o —

2N 2 ¢
| = a Zizl Csipz(su

® Is the Bardeen gauge—invariant potentials (no shear)

/"
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Gauge Invariant perturbations

( _k2® — 3aH2D — 3H2D = o2 Zf\il 0i0;

HP + aHD = aZfil (pi +pi) Vi

(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —
L = a’ Zi\i1 ng'pi(sia

V' Is the gauge—invariant expression of the scalar
potential of the velocity field

/"
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Gauge Invariant perturbations

( _k2® — 3aH2D — 3H2D = o2 Zf\il 0i0;

HP + aHD = aZfil (pi +pi) Vi

(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —
L = a’ Zi\i1 ng'pi(sia

p; and p; are the background energy and pressure of the
component ;.

/"
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Gauge Invariant perturbations

( —k2q) — 3@7‘(2(1) — 37’(2(1) — a2 27],\;1 pidi

HP + aHS = a S0, (pi + pi) Vi

(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —
L CL2 Z?J,\il ngpz(sza

dp; and dop; are the gauge—invariant expressions of the
perturbations of the energy density and pressure

/"
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Gauge Invariant perturbations

/"

( —]€2CI) — 3&H2(i) — 37’(2(1) — CL2 27],\;1 pi5z'

HP + aHS = a S0, (pi + pi) Vi
(aH)* & + (4aH2 + a2HH) b + (2aHH + H2) o —

2N 2 ¢
. = a Zizl Csipz(su

2 Opi 5, 0p;

0p; = ng'(spi’ Csi = 8_ p_
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Gauge Invariant perturbations

( —k2q) — 3@7‘(2(1) — 37’(2(1) — a2 27],\;1 pidi
HP + aHS = a S0, (pi + pi) Vi
(aH)* & + (4aH2 + a2HH) b + (zaHH + H2) o —

2N 2 ¢
| = a Zizl 087;,02527

/"

The spatial Fourier transform allows us to treat each
mode independently in the linear approximation.
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N =1 - Density contrast

The system can be solved by eliminating 6 and by
extracting a second order equation for ®:

y H 4432\ . IH 1+3c2  k2c2
<) — S 1 ® — 5 5 1 d = 0.
+ <H + a ) + <aH + a? + a?H?
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N =1 - Density contrast

gCg density contraﬁtCh

-5 I I I I I I I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Scale factor a

Evolution of the density contrast in the gCg £ = 100 h
Mpc~! scale of a protogalaxy. Oscillations take place too
early for o > 107, thus preventing structure formation.
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N =1 - Density contrast

gCg density contraﬁch
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Scale factor a

The Chaplvain agas — p. 51/69



N =1 - Sound velocity

10° |-

10—10

10—15

nd velocit§ c

10*20 |

gCg square sou

1 0—25 L .

10°%°H

1 1 1 1 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
a

For a ~ 0.1 the sound velocity becomes non negligible
much earlier than at other values of «. The range

10~7 < o < 3 appears thus to be ruled out since structure
formation is prevented.
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N =1 - Power spectrum

10°¢
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a=10°|]
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The plots for o = 0 and o = 10~ are superposed At
larger o the power spectrum tends to a limiting behaviour
which is systematically below that of the ACDM one.
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N =2 -gCg + Baryons

In the matter dominated—regime we obtain the system

O, + (% + %) Ob = 75z (Pb0b + pcndcn)
. . . 2 .
Och + (% + %) dch + w2 C20ch = 72 (Pb0b + pcndcn)

where ¢? is the gCg square sound velocity.

The Chaplvain aas — p. 54/69



N =2 -gCg + Baryons

In the matter dominated—regime we obtain the system

O, + (% + %) Ob = 75z (Pb0b + pcndcn)
dcn + (% + %) dch + =apc2dcn = 7z (Pb0b + pcndcn)
where ¢? is the gCg square sound velocity.

Following Solov’eva and Starobinsky we introduce the
variables

= kv %a 37, v =20 — =

The system is reduced to a fourth-order equation
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N =2 -gCg + Baryons

In the matter dominated—regime we obtain the system

O, + (% + %) Ob = 75z (Pb0b + pcndcn)
. . . 2 .
Och + (% + %) dch + w2 C20ch = 72 (Pb0b + pcndcn)

where ¢? is the gCg square sound velocity.

(2+2)s(a-2) (a-)-




N = 2 - Power spectrum

10°
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N = 2 - Power spectrum

10°

10'F o

P(K) [(H" Mpc)?]

10°F

10° -
10
k [h Mpc Y

Power spectra of baryons. For all o good agreement with
the observed spectrum. Better for small « = 0,107
(~ ACDM) and for o = 3,5 (superluminal).
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Conclusions

# The generalized Chaplygin gas cosmological model,
with no additional fluid components, is compatible
with structure formation and large scale structure

only for « sufficiently small (e < 107?), in which case
it is indistinguishable from the ACDM model.
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Conclusions

# The generalized Chaplygin gas cosmological model,
with no additional fluid components, is compatible
with structure formation only for o sufficiently small
(o < 107°), in which case it is indistinguishable from
the ACDM model.

#® Adding to the generalized Chaplygin gas model a
baryon component large scale structures are
compatible with observations for all values of «.
However very small values of o« and o = 3 are
favoured.
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Conclusions

# The generalized Chaplygin gas cosmological model,
with no additional fluid components, is compatible
with structure formation only for o sufficiently small
(o < 107°), in which case it is indistinguishable from
the ACDM model.

#® Adding to the generalized Chaplygin gas model a
baryon component large scale structures are
compatible with observations for all values of «.
However very small values of o« and o = 3 are
favoured.

# A coincidence(?): the transition from the subluminal
to the superluminal regime and the transition to the
accelerated expansion of the universe may have the
same redshift; zy4 = 2, for o ~ 3.
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Tachyonic models




"Equivalent” scalar field

Want a homogeneous scalar field with same cosmic
evolution as the Chaplygin gas
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"Equivalent” scalar field

po =30 +V(6) = \JA+ B
Py = 39° —V(¢) = ——=

12 B
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"Equivalent” scalar field

po =3P +V(0) = \JA+ 8

pqs:%ch—V(qﬁ):—\/ﬁ—ﬁ

'2 B 20,6(144—%)—3
— V — 4

¢ ad\JA+ 5 (©) 20,/ A+ 5

dp _ doa

dt = daa?




"Equivalent” scalar field




"Equivalent” scalar field




"Equivalent” scalar field




The cosmological evolution of the model with a scalar
field with this potential coincides with that of the
Chaplygin gas model provided the initial values ¢(ty) and

¢(to) satisfy the relation

&' (to) = 4(V(6(to)) — A)
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Chapygin = "Free" Tachyons

Sen’s action:

S = —/d4x\/—gV(T)\/1 - g1, T,
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For a spatially homogeneous model
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Chapygin = "Free" Tachyons

For a spatially homogeneous model

L=-V(T)V1-17
p= \/‘% p=-V(T)V1-1?

If the tachyon potential is constant V(7T") = 1}
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Chapygin = "Free" Tachyons

For a spatially homogeneous model

L=-V(T)V1-17
V(T :
p= ) p=-V([IT)V1-T7
V1—T?
If the tachyon potential is constant V(7T") = 1}
A
p=———,
P

where A = V2
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Chapygin = "Free" Tachyons

For a spatially homogeneous model

L=-V(T)V1-17

p= \/‘% p=-V(T)V1-1?

If the tachyon potential is constant V(7T") = 1}

p=———
P

where A = V2
Frolov, Kofman, Starobinsky 2002
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A simple example

p=wp w<0




A simple example

p=wp w<0

2
a = aot 3(14w)




A simple example

p=wp w<0
__2
a = a0t3(1+w)
One can reconstruct a potential:

4/ —k
9(1 + w)T™

V(T) =
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A simple example

p=wp w<0
_2
a = a0t3(1+w)

One can reconstruct a potential:

4/ —k

v<T):9(1+w)T2

Field equation: 7'+ 3(1 — T2)4T + (1 — T%)%L =0
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A simple example

p=wp w<0
_2
a = a0t3(1+w)

One can reconstruct a potential:

4/ —k

v<T):9(1+w)T2

Field equation: 7'+ 3(1 — T%)4T + (1 — T?)%L =0

An exact solution that gives back the above cosmic
evolution 7' = /1 + wt
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a = a0t3(1+w)

One can reconstruct a potential:

4/ —k

v<T):9(1+w)T2

Field equation: 7'+ 3(1 — T%)4T + (1 — T?)%L =0

An exact solution that gives back the above cosmic
evolution 7' = /1 + wt

Feinstein, Padhmanhaban 2002
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A simple example

p=wp w<0
_2
a = a0t3(1+w)

One can reconstruct a potential:

4/ —k

v<T):9(1+w)T2

Field equation: 7'+ 3(1 — T%)4T + (1 — T?)%L =0

An exact solution that gives back the above cosmic
evolution 7' = /1 + wt

Feinstein, Padhmanhaban 2002
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If w > 0 (standard fluids) it seems impossible to
reproduce the power-law cosmological evolution using a
tachyon field
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If w > 0 (standard fluids) it seems impossible to
reproduce the power-law cosmological evolution using a
tachyon field because tachyons have negative pressure
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If w > 0 (standard fluids) it seems impossible to
reproduce the power-law cosmological evolution using a
tachyon field because tachyons have negative pressure

Introduce a ‘modified action

. |
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If w > 0 (standard fluids) it seems impossible to
reproduce the power-law cosmological evolution using a
tachyon field because tachyons have negative pressure

Introduce a ‘modified action

L=V(T)VT? -1

V(T)
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If w > 0 (standard fluids) it seems impossible to
reproduce the power-law cosmological evolution using a
tachyon field because tachyons have negative pressure

Introduce a ‘modified action
L=V(T)VT? -1

P = V(T) P =
VT2 -1
Wk

The potential has the same form: V(T) = 577772
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A more complicated example

A two-fluid cosmological model
V. Gorini, A. Kamenshchik, U. Moschella, V. Pasquier
hep-th/0311111 PRD 2004
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A more complicated example

A two-fluid cosmological model

pr=-p1=—-AN  pya=Fkpy, —-1<k<O0

a(t) = ag (sinh 3\/K(21+7€)t> 3(1+k)
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A more complicated example

A two-fluid cosmological model

pr=-p1=—-AN  pya=Fkpy, —-1<k<O0

a(t) = ag (Sinh 3\/K(21+7€)t> 3(1+k)

1/2
3/ A(1+k)T
V(T) = (fW)T) (1—(1+k)0052< L) ))

S111 3
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A more complicated example

A two-fluid cosmological model

pr=-p1=—-AN  pya=Fkpy, —-1<k<O0

a(t) = ag (Sinh Bm(21+k)t> 3(1+k)

1/2
3/ A(1+k)T
V(T) = (ﬁwﬁ) (1—(1+k)0052< L) ))

S111 5

An exact field solution that gives a(t):

T(t) = 2 arctan sinh 3YAUHR)
3v/A(1+k) 2
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Tachyon Potential £ < 0
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Time evolution k£ < 0
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Time evolution k£ > 0
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# When k > 0 need to use the modified action.
Technically: Arnold’s theory of singularities

The Chaplvain aas — p. 68/69



# When k > 0 need to use the modified action.
Technically: Arnold’s theory of singularities

#® There are two types of trajectories: infinitely
expanding universes

The Chaplvain aas — p. 68/69



# When k > 0 need to use the modified action.
Technically: Arnold’s theory of singularities

#® There are two types of trajectories: infinitely
expanding universes

# universes, hitting a cosmological singularity of a
special type that we have called Big Brake

a(tg) = —oo, a(tg) =0,

O<CL(tB) < X0
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The future of the universe

#® An infinite expansion
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An infinite expansion
Big Crunch
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