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measurement of excess antenna temperature and 
interpretation in terms of CMB published in July 1965
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FIG. 3. Comparison of defect model predictions to current
experimental data. All models were COBE normalised at
l = 10.

portance of vector and tensor modes will be described
elsewhere [4].) The large amplitude of vector modes and
the decoherent sum of eigenmodes leads to a suppres-
sion of power at l >

∼ 100 [8], a very different spectrum to
that expected from adiabatic fluctuations in inflationary
models. We show a comparison between the predictions
of the global field defect theories and the current gener-
ation of CMB experiments in Figure 3. All models are
normalised to COBE at l = 10. They are all systemat-
ically lower than the current degree-scale experimental
points.

The same calculations directly yield the matter power
spectrum shown in Figure 4. Normalised to COBE, our
tests indicate that the results should be reliable to a few
percent. From the power spectra we derive the nor-
malization σ8 of the matter fluctuation in 8h−1 Mpc
spheres. Global strings, monopoles, texture and N = 6
non-topological texture give σ8 = 0.26, 0.25, 0.23, 0.21,
respectively, for h = 0.5, and scaling approximately as
h. The field normalization for textures is ε = 8π2Gφ2

0 =
1.0 × 10−4, consistent with our previous calculation [3]
of ε = 1.1 × 10−4. These normalizations are a factor of
5 lower than the generic prediction of n = 1 inflationary
models where σ8 = 1.2 for h = 0.5. Cluster abundances
suggest values of σ8 ∼ 0.5 for a flat universe.

To summarise, the techniques used here enable us
to convert unequal time correlators into temperature
anisotropy and matter fluctuation power spectra within
a few hours on a workstation. For all the defect theo-
ries, vectors contribute approximately half of the total
CMB anisotropy on large scales, leading to a suppression
of acoustic peaks and a low normalization of the matter
power spectrum σ8 ∼ 0.25h50. Current observations of

FIG. 4. Matter power spectra computed from the Boltz-
mann code summed over the eigenmodes. The upper curve
shows the standard cold dark matter (sCDM) power spec-
trum. The defects generally have more power on small scales
than large scales relative to the adiabatic sCDM model. The
data points show the mass power spectrum as inferred from
the galaxy distribution [9].

CMB anisotropies and galaxy clustering do not favor the
models under consideration.

We thank Robert Crittenden, Robert Caldwell and
Lloyd Knox for helpful discussions and John Peacock and
Max Tegmark for providing observational data points.
This research was conducted in cooperation with Silicon
Graphics/Cray Research utilising the Origin 2000 super-
computer as part of the UK-CCC facility supported by
HEFCE and PPARC (UK).

[1] A. Albrecht, D. Coulson, P. Ferreira and J. Magueijo,
Phys. Rev. Lett. 76, 1413 (1996).

[2] N. Turok, Phys. Rev. D54, 3686 (1996), Phys. Rev. Lett.,
77, 4138 (1996).

[3] U. Pen, D. Spergel and N. Turok, Phys. Rev. D48 , 692
(1994).

[4] U. Pen, U. Seljak and N. Turok, 1997, in preparation.
[5] U. Seljak and M. Zaldiarraga, Astrophys. J. 469, 437

(1996).
[6] R. Crittenden and N. Turok, Phys. Rev. Lett. 75, 2642

(1995).
[7] Differences between our results and those of [6] are due

to a) larger vector and tensor amplitudes (a factor of 3)
and b) the effects of source incoherence reducing the scalar
‘Doppler’ peak by a factor of 2.

[8] We are aware of computations in progress for local strings
by B. Allen et al. which indicate qualitatively similar re-
sults.

[9] J.A. Peacock, M.N.R.A.S. 284, 885 (1997).

4

(Pen, Seljak, Turok 1997)

Until ca. 1997 data was 
consistent with defects 
(such as strings) generating 
the primordial perturbations.
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(Jaffe et al. 2001)

Shortly after it became clear 
that defects were not the 
dominant source of primordial 
perturbations.
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Perturbations exist on scales 
larger than the Hubble radius at 
recombination.

Implies these perturbations 
already existed at recombination

Together with General Relativity 
it means they existed before the 
hot big bang!
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LCDM
We have learned that the early universe is remarkably simple and 
the CMB temperature data is in good agreement with the six-
parameter LCDM model.

• dark energy 

• dark matter

• baryonic matter

• optical depth

• amplitude of primordial density 
perturbations

• spectral index of primordial 
density perturbations

ΩΛ = 0.685± 0.013

Ωch
2 = 0.1197± 0.0022

Ωbh
2 = 0.02222± 0.00023

τ = 0.078± 0.019

* the sum of the neutrino masses is kept fixed at 0.06 eV

∆2
R = (2.189+0.076

−0.085)× 10−9

ns = 0.9655± 0.0062



LCDM
We have learned that the early universe is remarkably simple and 
the CMB temperature data is in good agreement with the six-
parameter LCDM model.

• dark energy 

• dark matter

• baryonic matter

• optical depth

• amplitude of primordial density 
perturbations

• spectral index of primordial 
density perturbations

ΩΛ = 0.685± 0.013

Ωch
2 = 0.1197± 0.0022

Ωbh
2 = 0.02222± 0.00023

τ = 0.078± 0.019

ns = 0.9655± 0.0062

60σ detection of dark matter

(      after inclusion of CMB lensing)85σ



“With four parameters I can fit an elephant, 
and with five I can make him wiggle his trunk.”

Von Neumann: 
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in the context of LCDM, we can predict the TE and EE angular 
power spectra and compare with the Planck measurements
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Von Neumann: 

in the context of LCDM, we can predict the TE and EE angular 
power spectra and compare with the Planck measurements

“With four parameters I can fit an elephant, 
and with five I can make him wiggle his trunk.”



In addition, LCDM is consistent with all low redshift large-
scale structure* and supernova data

LCDM

(Betoule et al. 2014)(Anderson et al. 2013)

* on small scales baryonic feedback should be understood 
better to assess whether there are departures from LCDM

BAO Supernovae



LCDM provides a remarkably successful description of our 
universe on large scales

LCDM and the Standard Model



LCDM provides a remarkably successful description of our 
universe on large scales

LCDM and the Standard Model

Similarly, the standard model provides a remarkably successful 
description of our universe on small scales



Comparison of the standard model and LCDM raises many 
questions

• What is dark energy?

• What is dark matter?

• What is the origin of the baryon asymmetry?

• What is the neutrino mass scale and hierarchy? 

• What is the origin of neutrino mass?

• What does the recent Higgs discovery imply for cosmology?

• What generated the primordial perturbations?

LCDM and the Standard Model



Measurements of the CMB have taught us that the 
primordial perturbations

• existed before the hot big bang

• are nearly scale invariant

• are very close to Gaussian

• are adiabatic

What generated them?

Generating Primordial Perturbations 
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Generating Primordial Perturbations 

The system of equations 
describing the early universe 
contains two important 
scales       and    .  k/a H

To generate the perturbations 
causally, they cannot have been 
outside the horizon very early 
on, requiring a phase with

(inflation or bounce)
d

dt

�
k

a|H|

�
< 0



The simplest system leading to a phase of
inflation (that ends) is

Inflation

If the scalar field is nearly homogeneous, and at a position in 
field space such that the potential energy dominates its energy 
density, this leads to nearly exponential expansion.
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The perturbations are generated 
as quantum fluctuations deep 
inside the horizon, and eventually 
exit the horizon.

Inflation

Outside the horizon, a quantity     
is conserved. 

R

This sets the initial conditions for the equations describing the 
universe from a few keV to the present.

We observe the density perturbations in the plasma at 
recombination that were seeded by the inflationary perturbations.



For standard single field slow-roll inflation, the primordial 
spectrum of scalar perturbations is

∆2
R(k) =

H
2(tk)

8π2�(tk)
≈ ∆2

R
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k
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ns = 1− 4�∗ − 2δ∗with
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H2
δ =

Ḧ

2HḢ
and

in agreement with observations.

Inflation



Inflation

Assuming inflation took place, what can we learn about it 
beyond      and      ?

• What is the energy scale of inflation?

• How far did the field travel?

• Are there additional light degrees of 
freedom?

• What is the propagation speed of the 
inflaton quanta?

tensor modes

non-Gaussianity

ns ∆2
R



In addition to the scalar modes, inflation also predicts a 
nearly scale invariant spectrum of gravitational waves

∆2
h(k) =

2H
2(tk)
π2

A measurement of the tensor contribution would provide a 
direct measurement of the expansion rate of the universe 
during inflation, as well as the energy scale

Energy Scale of Inflation

V 1/4
inf = 1.06× 1016 GeV

� r

0.01

�1/4

r =
∆2

h

∆2
R

with



•  For r>0.01 the inflaton must have moved over a super-
Planckian distance in field space.

•  This suggest a systematic study in the context of string 
theory.

(Lyth 1996)

Field Range

anti
5B

5B

5B

∫
C(2) = c

anti
5B

Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-
cycles Σ1, drawn as spheres, extending into warped regions of the Calabi-Yau. Red: We have
placed a fivebrane in a local minimum of the warp factor, and an anti-fivebrane at a distant
local minimum of the warp factor. In the lower figure, Σ1 is drawn as the cycle threaded by
C(2), and global tadpole cancellation is manifest.

Moduli stabilization is essential for any realization of inflation in string theory, and we
must check its compatibility with inflation in each class of examples. In type IIB compactifi-
cations on Calabi-Yau threefolds, inclusion of generic three-form fluxes stabilizes the complex
structure moduli and dilaton [19]. A subset of these three-form fluxes – imaginary self-dual
fluxes – respect a no scale structure [19, 18]. This suffices to cancel the otherwise dangerous
flux couplings described in §3.2.1.

4.2 An Eta Problem for B

In this class of compactifications, however, the stabilization of the Kähler moduli leads to an
η problem in the b direction. This problem arises because the nonperturbative effects (e.g.

19
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V 1/4
inf < 1.8× 1016 GeV

Experimental Constraints on r



Experimental Progress on r

• the tensor contribution to the temperature 
anisotropies on large angular scales

• the B-mode polarization generated by tensors. 

With the current data, we can constrain    by

The two likelihood are essentially independent

Typically we talk about 

L(rTT , rBB) = LTT (rTT )LBB(rBB)

L(r, r)

r



Planck+BICEP1

before March

Constraint dominated by temperature data

L(rTT , rBB)

Experimental Progress on r



after BICEP2L(rTT , rBB)

Constraint from polarization data comparable to constraint 
from temperature and will soon be significantly stronger.

Planck+BICEP1
Planck+BICEP2

Experimental Progress on r



Experimental Progress on r

ongoing and upcoming:

BICEP2, Keck Array, BICEP3, SPTPol/SPT3G, ACTPol/
AdvACT, ABS, CLASS, POLARBEAR/Simons Array, 
C-BASS, QUIJOTE, B-Machine

EBEX, SPIDER, PIPER

future (>5 years)

LiteBIRD, PIXIE,... 

CMB Stage IV

Ground:

Balloon:

Ground:

Satellite:



Neutrinos
The race for neutrino mass and hierarchy

particle 
physics

cosmology

inverted

normal
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see also constraints from:

CUORE0+Cuoricino, GERDA, HdM, IGEX, NEMO3



Neutrino Mass

Forecasts

Cosmology

KATRIN 90%C.L.at

e.g. CMB Stage IV+DESI

σ(mν) ∼ 0.016 eV

m(νe) < 0.2 eV



Dark Matter

See other sessions for nice talks on constraints on 
dark matter from indirect and direct detection.



Dark Energy

Depending on the theorist, dark energy 
is either the one of the biggest 
problems in particle physics, or no 
problem at all. 

We should probe it experimentally 
with large scale structure surveys and
supernovae

ongoing and upcoming:

future (>5 years)

BOSS, DES, HETDEX, PAU, J-PAS

DESI, LSST, Euclid, WFIRST



Conclusions

• The LCDM model with inflationary spectrum of 
perturbations is consistent with all current cosmological 
data.

• The standard model is consistent with all current 
particle physics data.

• Nevertheless, many open questions in both cosmology 
and particle physics remain, some of which will require a 
joint effort of the two communities.

• We will hear more about them in the remaining talks of 
this session.



Thank you


