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While the KS profiles are generally in a good agreement
with the X-ray derived profiles, they are more extended
than the X-ray-derived profiles (see Figure 16), which
makes the KS prediction for the projected SZ profiles
bigger. Note, however, that the outer slope of the fitting
formula given by Arnaud et al. (2009) (equation (C3))
has been forced to match that from hydrodynamical sim-
ulations of Nagai et al. (2007) in r ≥ r500. See the bot-
tom panels of Figure 16. The steepness of the profile
at r ! r500 from the simulation may be attributed to a
significant non-thermal pressure support from ρv2, which
makes it possible to balance gravity by less thermal pres-
sure at larger radii. In other words, the total pressure
(i.e., thermal plus ρv2) profile would probably be closer
to the KS prediction, but the thermal pressure would
decline more rapidly than the total pressure would.
If the SZ effect seen in the WMAP data is less than

expected, what would be the implications? One possibil-
ity is that protons and electrons do not share the same
temperature. The electron-proton equilibration time is
longer than the Hubble time at the virial radius, so that
the electron temperature may be lower than the pro-
ton temperature in the outer regions of clusters which
contribute a significant fraction of the predicted SZ flux
(Rudd & Nagai 2009; Wong & Sarazin 2009). The other
sources of non-thermal pressure support in outskirts of
the cluster (turbulence, magnetic field, and cosmic rays)
would reduce the thermal SZ effect relative to the ex-
pectation, if these effects are not taken into account in
modeling the intracluster medium. Heat conduction may
also play some role in suppressing the gas pressure (Loeb
2002, 2007).
In order to explore the impact of gas pressure at

r > r500, we cut the X-ray derived pressure profile at
rout = r500 (instead of 6r500) and repeat the analysis.
We find a = 0.74± 0.09 and 0.44± 0.14 for high and low
LX clusters, respectively. (We found a = 0.67±0.09 and
0.43± 0.12 for rout = 6r500. See Table 12.) These results
are somewhat puzzling - the X-ray observations directly
measure gas out to r500, and thus we would expect to find
a ≈ 1 at least out to r500. This analysis may suggest that
the fiducial scaling relation of Böhringer et al. (2007) is a
source of a < 1. Note that a = 1 is within the systematic
error due to the scatter in the scaling relation. Had we
used the scaling relations of Melin et al. (2010), we would
find a ≈ 1 for rout = r500. While a large uncertainty in
the scaling relation prevents us from convincingly ruling
out a = 1, the relative amplitudes between high and low
LX clusters suggest that a significant amount of pressure
is missing in low mass (M500 " 4 × 1014 h−1 M⊙) clus-
ters, even if we scale all the results such that high-mass
clusters are forced to have a = 1. A similar trend is also
seen in Figure 3 of Melin et al. (2010).
This interpretation is consistent with the SZ power

spectrum being lower than expected. The SPT mea-
sures the SZ power spectrum at l ! 3000. At such high
multipoles, the contributions to the SZ power spectrum
are dominated by relatively low-mass clusters, M500 "
4 × 1014 h−1 M⊙ (see Figure 6 of Komatsu & Seljak
2002). Therefore, a plausible explanation for the lower-
than-expected SZ power spectrum is a missing pressure
in lower mass clusters.
Scaling relations, gas pressure, and entropy of low-

mass clusters and groups have been studied in the lit-

Fig. 19.— Two-dimensional joint marginalized constraint (68%
and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar
ratio, r, derived from the data combination of WMAP+BAO+H0.
The symbols show the predictions from “chaotic” inflation models
whose potential is given by V (φ) ∝ φα (Linde 1983), with α =
4 (solid) and α = 2 (dashed) for single-field models, and α =
2 for multi-axion field models with β = 1/2 (dotted; Easther &
McAllister 2006).

erature.35 Leauthaud et al. (2010) obtained a rela-
tion between LX of 206 X-ray-selected galaxy groups
and the mass (M200) derived from the stacking anal-
ysis of weak lensing measurements. Converting their
best-fitting relation to r200–LX relation, we find r200 =
1.26 h−1 Mpc

E0.89(z) [LX/(1044 h−2 erg s−1)]0.22. (Note that
the pivot luminosity of the original scaling relation is
2.6 × 1042 h−2 erg s−1.) As r500 ≈ 0.65r200, their rela-
tion is ≈ 1σ higher than the fiducial scaling relation that
we adopted (equation (89)). Had we used their scaling
relation, we would find even lower normalizations.
The next generation of simulations or analytical cal-

culations of the SZ effect should be focused more on
understanding the gas pressure profiles, both the ampli-
tude and the shape, especially in low-mass clusters. New
measurements of the SZ effect toward many individual
clusters with unprecedented sensitivity are now becom-
ing available (Staniszewski et al. 2009; Hincks et al. 2009;
Plagge et al. 2009). These new measurements would be
important for understanding the gas pressure in low-mass
clusters.

8. CONCLUSION

With the WMAP 7-year temperature and polarization
data, new measurements of H0 (Riess et al. 2009), and
improved large-scale structure data (Percival et al. 2009),
we have been able to rigorously test the standard cosmo-
logical model. The model continues to be an exquisite
fit to the existing data. Depending on the parameters,
we also use the other data sets such as the small-scale
CMB temperature power spectra (Brown et al. 2009; Re-
ichardt et al. 2009, for the primordial helium abundance),
the power spectrum of LRGs derived from SDSS (Reid
et al. 2009, for neutrino properties), the Type Ia super-
nova data (Hicken et al. 2009b, for dark energy), and the
time-delay distance to the lens system B1608+656 (Suyu
et al. 2009a, for dark energy and spatial curvature). The
combined data sets enable improved constraints over the

35 A systematic study of the thermodynamic properties of low-
mass clusters and groups is given in Finoguenov et al. (2007) (also
see Finoguenov et al. 2005a,b).
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FIG. 5. Constraints in the r vs. ns plane when using
Planck 2015 plus additional data, and when also adding BI-
CEP2/Keck data through the end of the 2015 season—the
constraint on r tightens from r0.05 < 0.12 to r0.05 < 0.06.
This figure is adapted from Fig. 21 of Ref. [3], with two no-
table di↵erences: switching lowP to lowT plus a ⌧ prior of
0.055±0.009 Ref. [41], and the exclusion of JLA data and the
H0 prior.

Fig. 6 shows the BK15 noise uncertainties in the ` ⇡ 80
bandpowers as compared to the signal levels. Note
that the new Keck 220GHz band has approximately the
same signal-to-noise on dust as Planck 353GHz with two
receiver-years of operation. In 2016 and 2017 we recorded
an additional eight receiver-years of data which will re-
duce the noise by a factor of 5 &

p
5 for 220 ⇥ 220 &

150⇥ 220 respectively.

As seen in the lower right panel of Fig. 4 with four Keck
receiver-years of data, our 95GHz data starts to weakly
prefer a non-zero value for the synchrotron amplitude for
the first time. In 2017 alone BICEP3 recorded nearly
twice as much data in the 95GHz band as is included in
the current result. We plan to proceed directly to a BK17
result which can be expected to improve substantially on
the current results.

Dust decorrelation, and foreground complexity more
generally, will remain a serious concern. With higher
quality data we will be able to constrain the foreground
behavior ever better, but of course we will also need to
constrain it ever better. The BICEP Array experiment
which is under construction will provide BICEP3 class
receivers in the 30/40, 95, 150 and 220/270GHz bands
and is projected to reach �(r) < 0.005 within five years.
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FIG. 6. Expectation values and noise uncertainties for the
` ⇠ 80 BB bandpower in the BICEP2/Keck field. The solid
and dashed black lines show the expected signal power of
lensed-⇤CDM and r0.05 = 0.05 & 0.01. Since CMB units
are used, the levels corresponding to these are flat with fre-
quency. The blue/red bands show the 1 and 2� ranges of
dust and synchrotron in the baseline analysis including the
uncertainties in the amplitude and frequency spectral index
parameters (Async,23, �s and Ad,353, �d). The BICEP2/Keck
auto-spectrum noise uncertainties are shown as large blue cir-
cles, and the noise uncertainties of the WMAP/Planck single-
frequency spectra evaluated in the BICEP2/Keck field are
shown in black. The blue crosses show the noise uncertainty
of selected cross-spectra, and are plotted at horizontal posi-
tions such that they can be compared vertically with the dust
and sync curves.
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LQ ⇠ q

Z
A1

charge backreacts on geometry 
—  charged vs neutral BH !
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and B 3-cycle, respectively, of a given warped throat. In terms of these, the warp factor at the IR
end of the throat becomes [81]
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An important constraint on the distribution of Q and M comes from the fact that the 3-
form fluxes contribute to the total amount of D3-brane charge QD3. The compactness of the extra
dimensions then dictates a Gauss law type ‘tadpole’ constraint limiting the maximum value of QD3.
As the pair of quantised 3-form fluxes with quanta Q and M in a given warped throat contributes
an amount Q · M to QD3, we see that we must impose on any model of axion monodromy a limit

Q · M < QD3 < Q
max
D3 . (4.11)

We will thus describe Q and M as being drawn distributions with support on

Q, M 2 [1, Q
max
D3 ] (4.12)

subject to the above tadpole constraint. The maximum possible D3-brane charge in such type
IIB string compactifications we estimate by looking at the F-theory lift of the type IIB string
compactification with the largest Euler number of the underlying elliptically fibred CY fourfold
which determines Q

max
D3 to be Q

max
D3 ⇠ 105 [82].

4.1.3 Corrections to the tree-level model

Beyond the dominant flattening backreaction effects, the underlying discrete shift symmetries con-
trolling many of the corrections to such axion monodromy inflation models show up in the fact that
perturbative higher-dimensional corrections in 10D typically arise as integer powers of the field
strengths |Fp|

2 or their couplings to powers of the Riemann curvature tensor, or nonperturbative
effects producing periodically oscillating corrections. Hence, many of the corrections take the forms
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where generically the instanton actions S appearing in the non-perturbative effects may have de-
pendence on the inflaton-axion � as well. Moreover, V

(0)(�) = m
2
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2 denotes the tree-level axion
scalar potential arising from the quadratic |Fp|

2-terms in 10D. The instanton action for an instanton
wrapping a k-cycle of the extra dimensions will scale as

S = C V
k (4.14)

for dimensional reasons, with k 2 {2, 3, 4, 6} and C 2 [V�l
, 1]. The energy scale ⇤UV of the non-

perturbative effects, by Weyl rescaling from 10D string frame to 4D Einstein frame, behaves as
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This is typically to be expected, because non-perturbative effects arise in string theory from branes
wrapping cycles of the compact extra-dimensions. Hence, the Kaluza-Klein scale of the extra-
dimensions generically provides the UV cut-off to these non-perturbative corrections which in turn
leads to the above behaviour of ⇤4

UV .
Moving on, the Cn and Dm denote generically O(1) Wilsonian EFT coefficients, while the �n

represent the fact that many of the perturbative higher-dimensional corrections in 10D typically
arising as integer powers of the field strengths |Fp|

2 or their couplings to powers of the Riemann
curvature tensor are controlled by topological invariants of the extra dimensional manifold. We
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From this discussion it is clear that essentially all of the corrections consistent with 4D sym-
metries of the Kaloper-Sorbo effective description of axion monodromy take the form of Eq. (4.13).
Moreover, the fact that these corrections arise in the Kaloper-Sorbo descriptions as terms (F 2

4 )n,
implies that the perturbative corrections of the type Eq. (4.13) can be decomposed for each n into
two contributions
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Here, we model the parameter Cn as a random O(1) Wilsonian EFT coefficient, while we split off
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resum into the flattened tree-level axion inflaton potential Vtree(�).
Hence, we expect that describing single-field axion monodromy inflation as arising from a flat-

tened tree-level potential Eq. (4.8) subject to an infinite series of corrections Eq. (4.13) exhausting
the range allowed by 4D symmetries underlying the 4D Kaloper-Sorbo effective description of axion
monodromy, should capture a large class of effects arising from the typical spectrum of corrections
we expect in a string theory model of axion monodromy inflation. As such, this setup forms the
basis for a probabilistic network analysis of single-field axion monodromy inflation to which we now
turn.

4.2 Introducing the probabilistic model

Following the discussion of the previous section, the model we will be working with is an axion
monodromy construction based on Ref. [17] where suppressed perturbative and non-perturbative
corrections to the potential are modelled in the spirit of Ref. [18]. The potential looks like
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where Vp and Vnp are defined by Eqs. (4.13) and (4.19).
As discussed in §2, the first step to studying this model systematically is to recast it as a

probabilistic graphical model where all dependencies are made clear, and to establish the relevant
range of values each parameter can take. Our proposed graphical representation of the model is
presented in Fig. 8. We can see that the parameters in the potential do not necessarily correspond
to the parameters which are most easily constrained from the UV perspective. Rather, in some
cases, they are related by a series stochastic and deterministic dependencies. The deterministic
dependencies have been given in the previous section in Eqs. (4.5), (4.15), (4.9) and (4.14), together
with the expressions for observables given by Eqs. (2.1), (2.2), (2.3) and (2.4). We define the
stochastic dependencies in table 2 by giving the range of scales of each stochastic variable and
their fiducial prior. In cases where the top-level parameters have a finite range, we assume a (log-)
uniform distribution. This is simply a statement of our ignorance ([89]) of further microphysical
considerations. In some other cases we have a little more information. Most notably, our choice of
fiducial prior for �n comes from looking at the distribution of the 2nd and 3rd Chern classes (Euler
number) in the Kreuzer-Skarke database [83]. Fig. 7 shows a histogram of this data, together with
a Gaussian PDF with zero mean and standard deviation of 217. This very crude matching will
prove to be more than sufficient for our needs in §6.

Ultimately however the precise choice of fiducial prior is of limited importance. To probe the
model’s sensitivity to the choice of prior we endow the top-level priors with hyperparameters ⇠ which
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4D effective axion monodromy inflation
[Kaloper, Lawrence & Sorbo ’11; Kaloper & Lawrence ...]
[Kaloper & Sorbo ’08]

b now called φ
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2-field system:
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• Neglected so far here - kinetic coupling:

axion monodromy inflation with full mixing ...

[Pedro & AW ’19]
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• 2 limits: 

(I)  rigid mass: g = 0
(II) field-dependent mass: m = 0



• Kinetic coupling - use string input:

String compactification - UV input

[Pedro & AW ’19]

(B)  bulk moduli:
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• Full system is 2-field

[Pedro & AW ’19]

• Just integrating out heavy field χ at 2-
derivative level too naive, if turn-rate large

• 2 EFTs of light field: 

(HD)  integrate out heavy field χ correctly: 
          -- higher-deriv. action for φ

(2F)    2-field perturbation theory,  then correctly integrate out 
          orthogonal perturbation

A Tale of 2 EFTs ...

See also e.g.: [Achucarro, Atal, Cespedes, Gong, Palma & Patil ’12]



• Method (HD):

[Pedro & AW ’19]
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A Tale of 2 EFTs ...



• Method (2F):

[Pedro & AW ’19]

A Tale of 2 EFTs ...



• Resulting speed of sound for curvature perturbation:

[Pedro & AW ’19]
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• Same as for method (HD) -- the 2 EFTs agree order by order!

A Tale of 2 EFTs ...



• cross-over from regime (I) to (II) controlled by ratio:

[Pedro & AW ’19]

(I) : (II) :

(L) :

(B) : g�2
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Flattening at more than 2 derivatives ...A Tale of 2 EFTs ...



• Can now check various examples of the 4 regimes ...

[Pedro & AW ’19]

• The g = 0 limit of (I)-(L) has been extensively studied & we agree 
& use it to check EFT accuracy; g = 0 limit of (I)-(B) similar

cs �

�0 �0

Flattening at more than 2 derivatives ...

See also e.g.: [Achucarro, Atal & Welling ’15]



[Pedro & AW ’19]

• Case (I)-(L) at finite g -- kinetic steepening !
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g g g

Flattening at more than 2 derivatives ...



[Pedro & AW ’19]

• The m = 0 limit of (II)-(L) for an f with p = 1:

Veff (�) = µ4


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Flattening at more than 2 derivatives ...



• The m = 0 limit of (II)-(B) for an exponential f :

Flattening at more than 2 derivatives ...

�2
0
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• kinetic mixing drives sizable 3pt-CMB correlations

• efficient description with single-field Higher-Deriv. EFT

• even for strong potential backreaction, 2-deriv. EFT not enough

Bedankt voor je tijd
en geduld! 
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