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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter�CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ⇤ = 50, and linear beyond. The vertical scale is ⇤(⇤+ 1)Cl/2�. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-⇤ region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ⇤ = 50,
and linear beyond. The vertical scale is ⇤(⇤ + 1)Cl/2�. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di⇥ers from the ERCSC in its extraction philosophy: more e⇥ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di⇥erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di⇥erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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the confinement scale of a gauge theory G to which � has an axionic coupling, though

we will consider more general potentials in §2. This potential is generated by strong gauge

dynamics and disappears when the theory is in a phase with unbroken chiral symmetry, i.e.

in a phase with massless quarks. Thus, the stopping potential vanishes unless the Higgs has

developed a vev.

The mechanism is illustrated in Fig. 1. The relaxion starts at a large value �init, where
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h ⇠ M2, and begins to slowly roll down the linear potential B . For generic initial condi-

tions, the relaxion will roll a distance
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• quantum theory can kill inflation / relaxation –– quantum corrections !

• need quantum gravity for control ! 
 

• use string theory to build inflation ...

Quantum Theory ... Blessing & Bane
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string theory’s 6 compact dimensions:
strings , branes & fluxes

the string theory landscape:
many isolated vacua, connected by tunneling

some mountain slopes drive inflation

Planck Collaboration: Cosmological parameters
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.

limited by cosmic variance of the dominant scalar anisotropies,
and it is also model dependent. In polarization, in addition to B-
modes, the EE and T E spectra also contain a signal from tensor
modes coming from reionization and last scattering. However,
in this release the addition of Planck polarization constraints at
` � 30 do not significantly change the results from temperature
and low-` polarization (see Table 5).

Figure 21 shows the 2015 Planck constraint in the ns–r plane,
adding r as a one-parameter extension to base ⇤CDM. Note that
for base ⇤CDM (r = 0), the value of ns is

ns = 0.9655 ± 0.0062, Planck TT+lowP. (38)

We highlight this number here since ns, a key parameter for in-
flationary cosmology, shows one of the largest shifts of any pa-
rameter in base ⇤CDM between the Planck 2013 and Planck
2015 analyses (about 0.7�). As explained in Sect. 3.1, part of
this shift was caused by the ` ⇡ 1800 systematic in the nominal-
mission 217 ⇥ 217 spectrum used in PCP13.

The red contours in Fig. 21 show the constraints from Planck
TT+lowP. These are similar to the constraints shown in Fig. 23
of PCP13, but with ns shifted to slightly higher values. The ad-
dition of BAO or the Planck lensing data to Planck TT+lowP
lowers the value of ⌦ch2, which at fixed ✓⇤ increases the small-
scale CMB power. To maintain the fit to the Planck tempera-
ture power spectrum for models with r = 0, these parameter
shifts are compensated by a change in amplitude As and the tilt
ns (by about 0.4�). The increase in ns to match the observed
power on small scales leads to a decrease in the scalar power
on large scales, allowing room for a slightly larger contribution

from tensor modes. The constraints shown by the blue contours
in Fig. 21, which add Planck lensing, BAO, and other astrophys-
ical data, are therefore tighter in the ns direction and shifted to
slightly higher values, but marginally weaker in the r-direction.
The 95 % limits on r0.002 are

r0.002 < 0.10, Planck TT+lowP, (39a)
r0.002 < 0.11, Planck TT+lowP+lensing+ext, (39b)

consistent with the results reported in PCP13. Note that we as-
sume the second-order slow-roll consistency relation for the ten-
sor spectral index. The result in Eqs. (39a) and (39b) are mildly
scale dependent, with equivalent limits on r0.05 being weaker by
about 5 %.

PCP13 noted a mismatch between the best-fit base ⇤CDM
model and the temperature power spectrum at multipoles ` <⇠ 40,
partly driven by the dip in the multipole range 20 <⇠ ` <⇠ 30. If
this mismatch is simply a statistical fluctuation of the ⇤CDM
model (and there is no compelling evidence to think otherwise),
the strong Planck limit (compared to forecasts) is the result of
chance low levels of scalar mode confusion. On the other hand if
the dip represents a failure of the ⇤CDM model, the 95 % limits
of Eqs. (39a) and (39b) may be underestimates. These issues are
considered at greater length in Planck Collaboration XX (2015)
and will not be discussed further in this paper.

As mentioned above, the Planck temperature constraints on
r are model-dependent and extensions to ⇤CDM can give sig-
nificantly di↵erent results. For example, extra relativistic de-
grees of freedom increase the small-scale damping of the CMB
anisotropies at a fixed angular scale, which can be compensated
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FIG. 7. Constraints in the r vs. ns plane when using Planck
plus additional data, and when also adding BICEP2/Keck
data through the end of the 2014 season including new 95 GHz
maps—the constraint on r tightens from r0.05 < 0.12 to
r0.05 < 0.07. This figure is adapted from Fig. 21 of Ref. [2]—
see there for further details.
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Fig. 21. Left: Constraints on the tensor-to-scalar ratio r0.002 in the ⇤CDM model, using Planck TT+lowP and Planck
TT+lowP+lensing+BAO+JLA+H0 (red and blue, respectively) assuming negligible running and the inflationary consistency rela-
tion. The result is model-dependent; for example, the grey contours show how the results change if there were additional relativistic
degrees of freedom with �Ne↵ = 0.39 (disfavoured, but not excluded, by Planck). Dotted lines show loci of approximately con-
stant e-folding number N, assuming simple V / (�/mPl)p single-field inflation. Solid lines show the approximate ns–r relation for
quadratic and linear potentials to first order in slow roll; red lines show the approximate allowed range assuming 50 < N < 60 and
a power-law potential for the duration of inflation. The solid black line (corresponding to a linear potential) separates concave and
convex potentials. Right: Equivalent constraints in the ⇤CDM model when adding B-mode polarization results corresponding to the
default configuration of the BICEP2/Keck Array+Planck (BKP) likelihood. These exclude the quadratic potential at a higher level
of significance compared to the Planck-alone constraints.
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• string theory — use axions …

Dante’s Inferno

Marcus Berg,1 Enrico Pajer,2 and Stefan Sjörs1,2

1Oskar Klein Center for Cosmoparticle Physics and Department of Physics,
Stockholm University, Albanova University Center, SE-106 91 Stockholm, Sweden

2Institute for High Energy Phenomenology, Newman Laboratory of
Elementary Particle Physics, Cornell University, Ithaca, NY 14853, USA

We present a simple two-field model of inflation and show how to embed it in string theory as
a straightforward generalization of axion monodromy models. Phenomenologically, the predictions
are equivalent to those of chaotic inflation, and in particular include observably large tensor modes.
The whole high-scale large-field inflationary dynamics takes place within a region of field space
that is parametrically subplanckian in diameter, hence improving our ability to control quantum
corrections and achieve slow-roll inflation.

In the observationally successful framework of infla-
tionary cosmology, we can study detectable consequences
of physics at very high energies. The energy scale at
which inflation took place is a free parameter that is still
very poorly constrained, and can range from the GUT
scale to the TeV scale (or even less). The high-scale end
of this interval is the most exciting: first, it is the closest
to the Planck scale1 M

P

, where quantum gravity should
become important; second, the scale of inflation is de-
termined by the amplitude of primordial tensor modes,
which will be detectable in the CMB only if this scale is
close to the GUT scale.

An interesting perspective on high-scale inflation is
given by the Lyth bound [1]. This says that detectably-
large tensor modes, which are equivalent to high scale in-
flation2, require superplanckian variation of the inflaton
field. This increases the UV-sensitivity of inflation, e.g. in
the sense that an infinite sequence of Planck-suppressed
higher dimension operators become crucial for assessing
the success of the model. This suggests that high-scale
large-field models provide a framework particularly well
suited to test candidate UV completions of quantum field
theory plus general relativity, such as string theory.

In this work we study a model of inflation, which
we call Dante’s Inferno, where high-scale large-field in-
flationary dynamics takes place within a region of field
space which is parametrically subplanckian in diameter.
This provides a new perspective on the Lyth bound and
its implications. We organize our presentation as follows.
First, we describe the e↵ective field theory implementa-
tion of this model, which contains a mechanism to allevi-
ate any ⌘-problem that might be present. Then we show
how Dante’s Inferno can be embedded in string theory,
as a straightforward generalization of axion monodromy
models. The multi-field dynamics alleviates two of the
leading backreaction constraints present in the single-
field case.

1 We use the reduced Planck mass defined by M2
P ⌘ (8⇡GN )�1.

2 We assume perturbations are generated by the inflaton.

Figure 1: The potential in (2) (for W (r) = 1
2m2r2) in Carte-

sian coordinates, which faithfully represent the metric on field
space.

THE EFFECTIVE FIELD THEORY MODEL

Our e↵ective model consists of two axions r and ✓
whose decay constants f

r

and f
✓

obey f
r

< f
✓

. A linear
combination of r and ✓ receives a periodic potential from
some non-perturbative e↵ect, which breaks their contin-
uous shift symmetry down to a discrete one. In addition,
we explicitly break the shift symmetry for r by introduc-
ing a term W (r) in the potential, where W (r) is an a pri-
ori arbitrary regular function. The resulting Lagrangian
for canonically normalized fields is

L =
1
2
(@r)2 +

1
2
(@✓)2 � V (r, ✓) , (1)

V (r, ✓) = W (r) + ⇤4


1� cos

✓
r

f
r

� ✓

f
✓

◆�
, (2)

where ⇤ is a non-perturbatively generated scale and r
and ✓ have dimensions of mass. Notice that in the cosine
we have chosen a particularly simple linear combination.
At the level of the e↵ective action this can be done with-
out loss of generality, since other values of the coe�cients
could be reabsorbed in the definition of f

r

and f
✓

. On
the other hand, in the string theory construction, f

r

and
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crucial scale: f  — not MP !

backreaction at  ɸ  >>  f  !



• large fields need functional control

L = (@�)2 � V0(�)�
X

i

gei
✓

�

M

◆di

, di > 0 , ei � 0

➥ g → 0  limit:   know your sequence {di, ei} !  
 
  ei = 0 spells disaster at ɸ >> M …



inflation:
�

f
= O(100)

relaxions:
�

f
� 106 . . . ??



LQ ⇠ q

Z
A1

charge backreacts on geometry 
—  charged vs neutral BH !
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• ‘gravity should be weak’ 

q

m
> 1

[Arkani-Hamed et al. ’06]

since 2014: many follow-ups applying this to large-field axion inflation …



• magnetic WGC

dual  coupling:

monopoles:

ẽ = 1/e

m
mon

⇠ ẽ2
Z

rmin

|F2|2 ⇠ M

e2
, M ⇠ 1

r
min



• no BH !

implies EFT cutoff:

• string theory:

magn. D-brane

! no BH      EFT cutoff:

Hebecker, Rompineve & AW ’15/‘16

rmin ⇠ 1

M
> RBH ⇠ mmon ⇠ M

e2

M < e

M < e1/(p+1)



• no BH !

implies EFT cutoff:

Hebecker, Rompineve & AW ’15/‘16

rmin ⇠ 1

M
> RBH ⇠ mmon ⇠ M

e2

M < e

M < e1/(p+1)

H ⇠ m� < M < e1//3 ⇠ (mf)1/3



monodromy charge Nw is physical — backreacts

closed string picture: open string picture:

δe−4A ∝ gsn

Σ2

Σ4

δ

(
1

g2YM

)
∝ gsn

n D3’s on Σ2 D7’s on Σ4

δe−4A ∝ gsn

Σ2

Σ4

δ

(
1

g2YM

)
∝ gsn

n D3’s on Σ2 D7’s on Σ4

�e�4A ⇠ Nw �g�2
YM ⇠ Nw

Nw

McAllister, Schwaller, Servant, Stout & AW ‘16



light & charged 3-7 string for every unit of Nw  !
δe−4A ∝ gsn

Σ2

Σ4

δ

(
1

g2YM

)
∝ gsn

n D3’s on Σ2 D7’s on Σ4

�

✓
1

g2YM

◆

1�loop

⇠ N3�7 = N
w

Nw

McAllister, Schwaller, Servant, Stout & AW ‘16



Nw & 106 , c ⇠ 1/(2⇡)

⇤

3
chhi cos(�/f) : ⇤

3
c ⇠ e

� 1
g2
Y M ! e

� 1
g2
Y M

�cNw ! 0

So …

Relaxions Run Away !

McAllister, Schwaller, Servant, Stout & AW ‘16



So …

McAllister, Schwaller, Servant, Stout & AW ‘16

Inflations proceeds - sometimes …

Nw . 100 , c . 1/(2⇡)

⇤

3
c cos(�/f) : ⇤

3
c ⇠ e

� 1
g2
Y M ! e

� 1
g2
Y M

�cNw ! finite !


