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Cosmology: The science of the Universe as a whole

Nature is written in the mathematical language (Galileo).

The laws of physics are the same in all Universe.

We (the observers) do not occupy specific
location in space and time (The Copernicus principle).

The Universe is comprehensible by human.

The laws of physics at the smallest scales are the
building blocks to uncover the dynamics of Universe on
largest scales.

Cosmology is a God-given laboratory to understand
the laws of physics at the deepest level. Not to mention
a lot of philosophical insights!



اولین مدل کیهان شناسی
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Copernicus:!
De Revolutionibus Orbium 

Coelestium (1543)"

Tycho Brahe"

Galileo: Starry Messenger (1610), Dialogue 
Concerning the Two Chief World Systems(1632) "

Kepler:  Astronomia Nova (1609)"



Einstein Gravity

There is no separate notion of “ space” and “ time.

We have the spacetime as the 4-dimensional manifold.

The dynamics of the spacetime is determined by the
distribution of matter.

“Spacetime tells matter how to move, and
matter tells spacetime how to curve and twist.“

The whole Universe is studied as a physical system
under Einstein gravity!

The simplest models of inflation are based on a scalar field dynamics:

The Slow-Roll Models.
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New units of measure

 For distance, we use pc, Kpc & Mpc

  

For comparison, mean Earth-Sun 

distance (Astronomical Unit):

" Cosmologists often express masses

" in units of  the solar mass:



2.1  Distances and Scales!



 تصویر ما از کیهان 
مجادله شاپلی و کرتس ١٩٢٠

جزیره های دوردست از ساحل ما دور می شوند ...

Dark Universe: Shant Baghram/

Wednesday, May 8, 2013

خداحافظی با %یهان ایستا

Wednesday, May 8, 2013

جزیره های دوردست از ساحل ما دور می شوند ...

Dark Universe: Shant Baghram/

Wednesday, May 8, 2013



We need some symmetry assumptions in to study the Universe.

The cosmological Principle:

The Universe is the same in all locations and in
all directions, except for local irregularities.

Homogeneous 
but not Isotropic!

Isotropic but not 
Homogeneous!

Isotropic and 
Homogeneous!

Homogeneity and Isotropy!

This simplifies the modeling, since only the radial coordinate 
matters, and the density of any mass/energy component is the 
same everywhere at a given time !

(in space, but not in time)!

We need some symmetry assumptions in to study the Universe.

The cosmological Principle:

The Universe is the same in all locations and in
all directions, except for local irregularities.

Observationally, the Universe is homogeneous and isotropic
on scales larger than 100 Mpc.



The scale factor a

time

r(t)=r(t0) a(t)

v12=dr12/dt=a r12(t0)=a/a r12(t)
. . Looks like Hubble law

Comoving coordinates!

H=
a

a

.

Important!

Expansion to what?

There is nothing outside the Universe to expand to!

It expands to itself!!



http://www.astro.ucla.edu/~wright
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ȧ

a

)2 =
8⇡G

3
⇢� k

a

2
(3)

1

Standard  Big Bang Cosmology :

Total energy density including 
ordinary matter(atoms), dark matter, 

dark energy,...
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A Brief History of Universe



The Standard Model of Cosmology

• Ordinary Atoms:(Baryons) 5%

• Dark Matter: 26%

• Dark Energy:  69%

• Spatial Curvature ~ 0

Nobel 2006 (CMB) Nobel 2008 (dark energy)





تابش زمینه کیهانی
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   space-based  cosmological  observations

1992 2003 2013

WMAP

Planck

 Planck used 9 frequency bands



Temperature anisotropy  power spectrum 
Planck Collaboration: Cosmological parameters
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Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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The Initial Conditions Puzzles

• The Horizon Problem: Why is the Universe so homogeneous and 
isotropic? During its evolution, the Universe did not have enough 
time to become so isotropic and homogeneous.

• The Flatness Problem: Why is the Universe so flat? If              
today,  then extrapolating back to very early Universe at Planck 
time we find                       .           

• There are tiny fluctuations at the level of             on the 
smooth CMB background, which are almost scale invariant, 
adiabatic and Gaussian. What mechanism can create these 
perturbations ?                                                                      
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Despite the successes of the big bang cosmology, 
there are initial conditions problems:
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A short period of acceleration in very early 
Universe will provide all these necessary initial 
conditions and flattens the Universe.  In addition, 
quantum fluctuations during inflation source the 
structure in cosmos!



Large field inflation:
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Small field inflation:

The simplest models of inflation are based on a scalar field dynamics:

The Slow-Roll Models.
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Slow Roll Inflation
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In most models, inflation is derived by a scalar field, the inflaton. 
This creates a negative pressure required for acceleration.

For a scalar field 
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Baumann.

Tuesday, October 26, 2010

Reheating

time

Inflation

no entropy
no temperature

BANG

L. Kofman

Wednesday, May 12, 2010

The Standard Big Bang Cosmology Starts after Inflation !

Lev Kofman



Inflation in the context of ever changing fundamental theory

1980

2000

1990

-inflation Old Inflation

New Inflation Chaotic inflation

Double Inflation
Extended inflation

DBI inflation

Super-natural
 Inflation

Hybrid inflation

SUGRA inflation

SUSY F-term 
inflation

SUSY D-term 
inflation

SUSY P-term 
inflation

Brane inflation

K-flation
N-flation

Warped Brane 
inflation

inflation

Power-law inflation

Tachyon inflation
Racetrack inflation

Assisted inflation

Wednesday, May 12, 2010
Borrowed from Lev. Kofman



Inflation and Observations

All observations (WMAP, Planck,...) strongly support inflation.

The basic predictions of inflation are that the primordial perturbations are
nearly scale invariant, nearly adiabatic and nearly Gaussian.

In CMB perturbations we observe the quantum vacuum fluctuations.
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Constraint on Single Field Inflation

Constraint on Single Field Inflation

The joint data analysis from Planck/BICEP2/Keck Array indicates r < 0.1.

The data prefers concave potential with @2V < 0.

Simple potential such as �2 and �4 are disfavored.
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Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.
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انرژی تاریک

Supernova Observations1998

Using type Ia supernova as standard candles, 
two teams, independently concluded  that 
the expansion of the Universe is speeding 
up

Question: Can one trust type Ia 
Supernova as standard candles?

Problem with dark energy 
and cosmological constant



Dark Energy

Planck Collaboration: Cosmological parameters

Fig. 27. Samples from the distribution of the dark energy pa-
rameters w0 and wa using Planck TT+lowP+BAO+JLA data,
colour-coded by the value of the Hubble parameter H0. Contours
show the corresponding 68 % and 95 % limits. Dashed grey lines
intersect at the point in parameter space corresponding to a cos-
mological constant.

This constraint is unchanged at the quoted precision if we add
the JLA supernovae data and the H0 prior of Eq. (30).

Figure 26 illustrates these results in the ⌦m–⌦⇤ plane. We
adopt Eq. (50) as our most reliable constraint on spatial curva-
ture. Our Universe appears to be spatially flat to an accuracy of
0.5%.

6.3. Dark energy

The physical explanation for the observed accelerated expansion
of the Universe is currently not known. In standard ⇤CDM the
acceleration is provided by a cosmological constant satisfying an
equation of state w ⌘ pDE/⇢DE = �1. However, there are many
possible alternatives, typically described either in terms of extra
degrees of freedom associated with scalar fields or modifications
of general relativity on cosmological scales (for reviews see e.g.,
Copeland et al. 2006; Tsujikawa 2010). A detailed study of these
models and the constraints imposed by Planck and other data is
presented in a separate paper, Planck Collaboration XIV (2015).

Here we will limit ourselves to the most basic extensions
of ⇤CDM, which can be phenomenologically described in
terms of the equation of state parameter w alone. Specifically
we will use the camb implementation of the “parameterized
post-Friedmann” (PPF) framework of Hu & Sawicki (2007) and
Fang et al. (2008) to test whether there is any evidence that w
varies with time. This framework aims to recover the behaviour
of canonical (i.e., those with a standard kinetic term) scalar field
cosmologies minimally coupled to gravity when w � �1, and
accurately approximates them for values w ⇡ �1. In these mod-
els the speed of sound is equal to the speed of light so that the
clustering of the dark energy inside the horizon is strongly sup-
pressed. The advantage of using the PPF formalism is that it is
possible to study the “phantom domain”, w < �1, including tran-
sitions across the “phantom barrier”, w = �1, which is not pos-
sible for canonical scalar fields.

The CMB temperature data alone does not strongly constrain
w, because of a strong geometrical degeneracy even for spatially-
flat models. From Planck we find

w = �1.54+0.62
�0.50 (95%,Planck TT+lowP), (51)

i.e., almost a 2� shift into the phantom domain. This is partly,
but not entirely, a parameter volume e↵ect, with the average ef-
fective �2 improving by h��2i ⇡ 2 compared to base ⇤CDM.
This is consistent with the preference for a higher lensing am-
plitude discussed in Sect. 5.1.2, improving the fit in the w < �1
region, where the lensing smoothing amplitude becomes slightly
larger. However, the lower limit in Eq. (51) is largely determined
by the (arbitrary) prior H0 < 100 km s�1Mpc�1, chosen for the
Hubble parameter. Much of the posterior volume in the phan-
tom region is associated with extreme values for cosmological
parameters,which are excluded by other astrophysical data. The
mild tension with base ⇤CDM disappears as we add more data
that break the geometrical degeneracy. Adding Planck lensing
and BAO, JLA and H0 (“ext”) gives the 95 % constraints:

w = �1.023+0.091
�0.096 Planck TT+lowP+ext ; (52a)

w = �1.006+0.085
�0.091 Planck TT+lowP+lensing+ext ; (52b)

w = �1.019+0.075
�0.080 Planck TT,TE,EE+lowP+lensing+ext .

(52c)

The addition of Planck lensing, or using the full Planck tem-
perature+polarization likelihood together with the BAO, JLA,
and H0 data does not substantially improve the constraint of
Eq. (52a). All of these data set combinations are compatible with
the base ⇤CDM value of w = �1. In PCP13, we conservatively
quoted w = �1.13+0.24

�0.25, based on combining Planck with BAO,
as our most reliable limit on w. The errors in Eqs. (52a)–(52c) are
substantially smaller, mainly because of the addition of the JLA
SNe data, which o↵er a sensitive probe of the dark energy equa-
tion of state at z <⇠ 1. In PCP13, the addition of the SNLS SNe
data pulled w into the phantom domain at the 2� level, reflecting
the tension between the SNLS sample and the Planck 2013 base
⇤CDM parameters. As noted in Sect. 5.3, this discrepancy is no
longer present, following improved photometric calibrations of
the SNe data in the JLA sample. One consequence of this is the
tightening of the errors in Eqs. (52a)–(52c) around the ⇤CDM
value w = �1 when we combine the JLA sample with Planck.

If w di↵ers from �1, it is likely to change with time. We
consider here the case of a Taylor expansion of w at first order in
the scale factor, parameterized by

w = w0 + (1 � a)wa. (53)

More complex models of dynamical dark energy are discussed
in Planck Collaboration XIV (2015). Figure 27 shows the 2D
marginalized posterior distribution for w0 and wa for the com-
bination Planck+BAO+JLA. The JLA SNe data are again cru-
cial in breaking the geometrical degeneracy at low redshift and
with these data we find no evidence for a departure from the
base ⇤CDM cosmology. The points in Fig. 27 show samples
from these chains colour-coded by the value of H0. From these
MCMC chains, we find H0 = (68.2 ± 1.1) km s�1Mpc�1. Much
higher values of H0 would favour the phantom regime, w < �1.

As pointed out in Sects. 5.5.2 and 5.6 the CFHTLenS weak
lensing data are in tension with the Planck base ⇤CDM parame-
ters. Examples of this tension can be seen in investigations of
dark energy and modified gravity, since some of these mod-
els can modify the growth rate of fluctuations from the base

39

Cosmological constant 
is a very good fit !

Planck Collaboration: Cosmological parameters
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide
volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k2 = �µ(a, k) 4⇡Ga2 ⇥⇢� + 3(⇢ + P)�
⇤

, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k2 ⇥� � ⌘(a, k) 
⇤

= µ(a, k) 12⇡Ga2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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Fig. 30. Marginalized posterior distributions of the (w0,wa)
parameters for various data combinations. The tightest con-
straints come from the combination Planck TT,TE,EE+lowE
+lensing+SNe+BAO and are compatible with ⇤CDM. Using
Planck TT,TE,EE+lowE+lensing alone is considerably less con-
straining and allows for an area in parameter space that cor-
responds to large values of the Hubble constant (as already
discussed in Planck Collaboration XIII 2016 and PDE15). The
dashed lines indicate the point corresponding to the ⇤CDM
model. The parametric equation of state given by Eq. (49) stays
out of the phantom regime (i.e., has w � �1) at all times only in
the (upper-right) unshaded region.

2008). These and other modified gravity models, typically also
change the behaviour of the perturbations.

Marginalized contours of the posterior distributions for w0
and wa are shown in Fig. 30. Note that CMB lensing has only
a small e↵ect on the constraints from Planck alone (see the pa-
rameter grid tables in the PLA). Using Planck data alone, a wide
volume of dynamical dark-energy parameter space is allowed,
with contours cut o↵ by our priors (�3 < w0 < 1, �5 < wa < 5,
and 0.4 < h < 1; note that Fig. 30 does not show the com-
plete prior range). However, most of the allowed region of pa-
rameter space corresponds to phantom models with very high
values of H0 (as discussed in PDE15); such models are inconsis-
tent with the late-time evolution constrained by SNe and BAO
data. This is illustrated in Fig. 30 which also shows constraints if
we add BAO/RSD+WL and BAO+SNe to the Planck TT,TE,EE
+lowE+lensing likelihood. The addition of external data sets
narrows the constraints towards the ⇤CDM values of w0 = �1,
wa = 0. The tightest constraints are found for the data combi-
nation Planck TT,TE,EE+lowE+lensing+BAO+SNe; the di↵er-
ence in �2 between the best-fit DE and ⇤CDM models for this
data combination is only ��2 = �1.4 (which is not significant
given the two additional parameters). Numerical constraints for
these data combinations, as well as �2 di↵erences, are presented
in Table 6. It is also apparent that for the simple w0, wa param-
eterization of evolving DE, Planck combined with external data
sets does not allow significantly lower values of S 8 or higher
values of H0 compared to the base-⇤CDM cosmology.

Fixing the evolution parameter wa = 0, we obtain the tight
constraint

w0 = �1.028 ± 0.032 (68 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO), (50)

Table 6. Marginalized values and 68 % confidence limits for cos-
mological parameters obtained by combining Planck TT,TE,EE
+lowE+lensing with other data sets, assuming the (w0,wa) pa-
rameterization of w(a) given by Eq. (49). The ��2 values for best
fits are computed with respect to the ⇤CDM best fits computed
from the corresponding data set combination.

Parameter Planck+SNe+BAO Planck+BAO/RSD+WL

w0 . . . . . . . . . . . . �0.961 ± 0.077 �0.76 ± 0.20
wa . . . . . . . . . . . . �0.28+0.31

�0.27 �0.72+0.62
�0.54

H0 [ km s�1Mpc�1] 68.34 ± 0.83 66.3 ± 1.8
�8 . . . . . . . . . . . . 0.821 ± 0.011 0.800+0.015

�0.017
S 8 . . . . . . . . . . . . 0.829 ± 0.011 0.832 ± 0.013

��2 . . . . . . . . . . . �1.4 �1.4

and restricting to w0 > �1 (i.e., not allowing phantom equations
of state), we find

w0 < �0.95 (95 %, Planck TT,TE,EE+lowE
+lensing+SNe+BAO). (51)

Here we only quote two significant figures, so that the result
is robust to di↵erences between the Plik and CamSpec likeli-
hoods.

For the remainder of this section, we assume ⇤CDM at the
background level (i.e., w = �1 at all times), but instead turn
our attention to constraining the behaviour of the dark sector
perturbations.

7.4.2. Perturbation parameterization: µ, ⌘

In the types of DE or MG models considered here, changes to
observables only arise via the impact on the geometry of the
Universe. At the level of perturbations, it is then su�cient to
model the impact on the gravitational potentials � and  , or,
equivalently, on two independent combinations of these poten-
tials (e.g., Zhang et al. 2007; Amendola et al. 2008). Following
PDE15 we consider two phenomenological functions, µ and ⌘,
defined as follows.

1. µ(a, k): a modification of the Poisson equation for  ,

k2 = �µ(a, k) 4⇡Ga2 ⇥⇢� + 3(⇢ + P)�
⇤

, (52)

where ⇢� = ⇢m�m + ⇢r�r, using comoving fractional density
perturbations �, and where � is the anisotropic stress from
relativistic species (photons and neutrinos).

2. ⌘(a, k): an e↵ective additional anisotropic stress, leading to
a di↵erence between the gravitational potentials � and  ,
defined implicitly through

k2 ⇥� � ⌘(a, k) 
⇤

= µ(a, k) 12⇡Ga2(⇢ + P)�. (53)

At late times, � from standard particles is negligible and we
find

⌘(a, k) ⇡ �/ . (54)

These definitions are phenomenological, in the sense that
they are not derived from a theoretical action. However, they
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Problems with the Dark Energy

Gravity is repulsive rather than attractive! 

A form of energy that exists even in empty space. 

It does not cluster. It is invisible to ordinary matter, it 
acts only gravitationally.

Good news from Quantum Mechanics:

The vacuum is not empty. The vacuum is full of quantum 
fluctuations (the Casimir effect).

Adding up the QFT vacuum energy leads to  

theoretical prediction = 10^{120} times bigger than observation.

Can Supersymmetry help with Dark Energy?  

Bosons have positive vacuum energy. Fermions have 
negative vacuum energy. In SUSY these two adds up to 
zero.

However, SUSY is broken, perhaps at the TeV scale

supersymmetry prediction = 10^{60} times bigger than observation.

S. Carroll



               String Theory Landscape Linde



Conclusions

• We are in golden age of cosmology.

• The Standard Model of cosmology is well described                
by the 6 parameter LCDM model.

• Inflation is the leading paradigm for early universe and 
generating  perturbations on CMB and seeds of large scale 
structure. 

• The cosmological data strongly support the LCDM model with 
the initial conditions set by a period of inflation.

• There are important open questions in LCDM model:
  What are the nature of dark energy and dark matter?                     
  What is the fundamental physics behind inflation? 


