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Search for strongly blue axion isocurvature
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It is known that if the Peccei-Quinn symmetry-breaking field is displaced from its minimum during
inflation, the axion isocurvature spectrum is generically strongly blue tilted with a break transition to a flat
spectrum. We fit this spectrum (incorporated into the “vanilla” A-CDM cosmological model) to the Planck
and BOSS DRI11 data to assess how much the existing data can accommodate the presence of axionic blue-
tilted isocurvature perturbations. We find that the preferred parameter region is consistent with all of the
dark matter being composed of QCD axions in the context of inflationary cosmology with an expansion
rate of order 108 GeV, the axion decay constant of order 10'> GeV, and the initial misalignment angle of
order unity. The data are consistent with there being no isocurvature perturbations at the level of just above
one sigma. Intriguingly, isocurvature with a spectral break may at least partially explain the low-£ vs high-7

anomalies seen in the CMB data.
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I. INTRODUCTION

QCD axions [1-8] are well motivated because they
represent a simple elegant solution to the strong CP
problem and can be embedded in UV completions such
as string theory [9]. A huge body of literature exists
regarding the cosmological implications of the axions in
which the field responsible for Peccei-Quinn (PQ) sym-
metry breaking has not been displaced from its minimum
(see e.g., [10-16]). In such cases, the isocurvature spectral
index n; is very close to 1 which is often referred to as scale
invariant. However, if the PQ symmetry-breaking field is
displaced from its minimum during inflation, blue spectral
tilted isocurvature perturbations are naturally generated
[17]. Indeed, the Goldstone theorem does not apply in such
cases because the axions do not represent perturbations
away from the vacuum [18]. The dyanamical mechanism of
the # problem [19-22], in which small corrections to the
curvature of the inflaton potential violate the slow-roll
conditions and hence the scale-invariance of the power
spectrum, is a beneficial feature in the case of a rolling
spectator field. It makes the isocurvature spectral index
n; — 1 ~ O(1) generic in this class of models. Furthermore,
because the radial field eventually reaches its minimum,
this class of models generically predicts a break in the
spectrum where the spectral index transitions to that of
scale invariance. Indeed, since n; > 2.4 cannot be gener-
ated with a spectator scalar field degree of freedom (d.o.f.)
with a time-independent mass [23], a large spectral index in
the context of inflationary cosmology predicts a break in
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the spectrum for strongly blue-tilted isocurvature pertur-
bations, independently of the axion paradigm. This means
interesting robust information about the physics beyond the
standard model of particle physics (i.e., the existence of a
time dependent mass of a new particle) can be gained from
finding observational evidence for a strongly blue tilted
spectrum with a break. Because the axions are arguably the
best motivated underlying model for this class of scenarios
producing a break spectrum, we will call this strongly blue
tilted isocurvature spectrum with a break an axionic blue
isocurvature (ABI) spectrum.

The break region in the ABI spectrum cannot be
computed analytically using the standard techniques
[18]. Recently, an efficient 3-parameter fit function
A%(k,k,,n;, Q) was constructed from generalizing a
numerical investigation [24] of the model of [17], and this
fit function has a bump feature that can be numerically
significant at an O(1) level. In this paper, we use this fit
function in the context of A-CDM cosmological model to
fit 9 parameters to the PLANCK [25,26] and Baryon
Oscillation Spectroscopic  Survey Data Release 11
(BOSS DR11) [27,28]. We find that the data prefer a
nonzero ABI spectrum at the 1-sigma level with expect-
ation values of about {k,/ay=4.17)% x 1072 Mpc~',
ny=2.76%1, 0, = 0.967033} where k,/ay is the spec-
tral location of the break, n; is the isocurvature spectral
index, and Q, x 107!° is approximately the isocurvature
power on BAO scales that can be compared to Ag ~
O(107?) of the usual adiabatic perturbations. This preferred
parameter region can be consistent with an initial axion
angle of 6, (#;) = 0.1 and all of the dark matter being made
up of axions. For example, with this fiducial parameter
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choice, the scale of inflation is given by the expansion rate
during inflation of H ~2 x 10® GeV and the axion decay
constant of F, ~10'® GeV. In this parameter range, the
bump that was computed numerically in [24] contributes at
the level of about 10% for the values of the fit parameters
and changes the shape of the fit contours only slightly. We
also carried out a fit with n; = 3.9 and k, /ay = 0.5/Mpc
and find a 20 preference for a highly blue-tilted isocurva-
ture with a power-law spectrum on observable scales.

Since the smallest length scales probed by current CMB
and galaxy surveys are similar, we find the CMB data to be
more constraining due to their higher precision, though of
course the two sets of observables have different parametric
degeneracies. There are no substantial tensions between the
two data sets; the most significant changes in the vanilla
parameters due to the BOSS data are the decreases in og
and 7 along their mutual degeneracy direction preserving
oge". In the isocurvature sector, we find that BOSS data
increase the preference for blue-tilted models with spectral
breaks below observable length scales.

The order of presentation will be as follows. In the next
section, we review the fitting function A%(k, k,,n;, Q;)
and a model that inspired this. In Sec. III, we present
the ABI 4+ A-CDM fit. In Sec. IV, we interpret the fit
results in terms of the model of [17]. We conclude with a
summary of the work and speculations about this work’s
connection to the low-£ and high-#CMB data mismatch
noted in [29].
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II. A BRIEF REVIEW OF THE ABI SPECTRUM
PARAMETRIZATION

Most of the axionic isocurvature literature focuses on the
scenario in which the Peccei-Quinn symmetry-breaking
field fp¢ has already relaxed to the minimum of the effective
potential [10-13,15,16]. However, in situations in which the
radial direction has a mass of order H, such an assumption is
not well justified since the inflaton itself is out of equilibrium
during that time, and it may take many e-folds for fp, to
relax to the minimum of the effective potential [17]. In such
cases, a strongly blue-tilted isocurvature spectrum is generi-
cally generated. Particularly in supersymmetric extensions
of the standard model, flat directions abound, and fp,
realized as a flat direction field will generically have masses
of O(H) [17,18] generating dynamics suitable for the
creation of ABI perturbations."

Although the ABI spectrum computed in [17] is quali-
tatively valid, it was noted in [18] that there is generically a
spectral gap in analytic computability (with the standard
techniques) surrounding the break region. In [24], we
computed numerically the ABI spectrum of the model
analytically analyzed in [17,18] and found that the spec-
trum indeed has a nontrivial bump in the break region
between the constant blue tilt region and the scale invariant
region with the transition spectral width consistent with the
predictions of [18]. The ABI spectrum including the bump
is fit well with the following function defined by three
parameters k,, n;, and Q;:

|:1+ (ﬁ(n1)22 %_C+(n[) r2( %2_:+(”1>) (1_’_C+0<gl>>

L0 =1/ +2) ©
S(x) = 1 + tanh(x) (3)
sm) = = (T = m). @

The parameters {a, o, u, A, w, p} are numerical factors that
can be deduced from an interpolation of a table of numbers
given in Table 1 of [24]. Here, A% is the usual isocurvature
power spectrum defined in Eq. (11) of [18] and Eq. (31) of
[24]. The fitting function itself is accurate to 20%, with this
error concentrated in the bump region. Since our best-
fitting models have isocurvature power less than about 10%
of adiabatic power, this amounts to about less than 2% error
in the total power spectrum. We tested the sensitivity of our

lIndeed, this is a situation in which the #-problem of inflation
turns into an advantage.

(1)

|

constraints to these errors by removing the bump entirely,
through the NB models, and found very similar parameter
values.

The broad features of the isocurvature power spectrum
are described by the large-scale spectral index n;, the break
position k,, and the break width w. On top of this
monotonic power spectrum is a peak of height a, width
o, position u, and skewness A, resulting from the axionic
field sloshing around the minimum of its potential during
the spectral transition. For example, for n; =3, the
parameter set is {a =0.56,6 =0.46, =0.126,4 = —0.035,
w=0.84,p=1.2}. The number 0.9 in Eq. (1) corresponds
to making a choice for a model dependent parameter that
gives an approximate fit to model-dependent numerically
computed results when this number is in the range [0.5, 1].

To testif the ABI spectrum shows up in the current data and
to see how it is constrained, we fit in Sec. III the standard six
“vanilla” cosmological parameters (A-CDM) plus up to three
more parameters describing the ABI power spectrum. The
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standard vanilla A-CDM parameters can be given as follows:
(1) ng, the spectral index of adiabatic scalar perturbations;
(2) og, the root-mean-squared power in 8 Mpc/h spheres
where (3) h = H,/ (100 km/ sec /Mpc), the Hubble param-
eter; (4) w, = Q. oh*, where Q.0 1s the density fraction of
cold dark matter (CDM) at the present time; (5) @y, = Q;, oh?,
where Q is the baryon density fraction; and (6) z, the
optical depth to the cosmic microwave background. Since
neglecting the neutrino mass can lead to parameter biases,
we fix w, = Q,h*> = 0.0006 for the fits unless specified
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otherwise. For efficient Markov chain Monte Carlo MCMC)
sampling with a flat prior (i.e., to minimize degeneracies), it is
useful to sample

9

oy

, =100 (5)
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Variation of the ABI parameters about the central values of Q,, = 50, n; = 3, and x, = 0. Note that 0, has been set to a very

large value in order to exaggerate the effects. (left) CMB TT and TE power spectra. (right) Matter power spectra.

023525-3



DANIEL J. H. CHUNG and AMOL UPADHYE

PHYS. REV. D 98, 023525 (2018)

(where kg is a fiducial wave vector which we will set as
ko/ay = 0.05 Mpc™!) instead of the parameters Q, and k, .
Figure 1 illustrates the effects of varying Q,,, n;, and «, , using
a large value of Q, in order to make the isocurvature
contribution more apparent.

III. DATA FIT

In this section, we fit the mixed adiabatic-isocurvature
cosmological model presented in Sec. II to Planck and
BOSS data. We broadly classify three different ABI
parameter regions as follows:

(1) KK: the model of Kasuya and Kawasaki, Ref. [17],

with the bump fit by Ref. [24];
(i) NB: ano-bump version of KK, with the bump height
a set to zero and the break width parameter fixed
tow=1/3;
(iii) PWR: a simple power-law spectrum, which we
implement by fixing x, = In(200) in the NB model.
We are especially interested in models with the bluest tilts
n; < 4 over much of the observable parameter space k ~ k.
Hence we also consider the following lamppost models
partially restricting the allowed values of n; and «,:
(i) BLUE: the KK model with n; = 3.9;
(il) HI-BLUE: the BLUE model with the further re-
striction «, = In(10).
(iii) LAMP-N: the KK model with x, = In(N);
At small N, LAMP-N approaches an ordinary flat iso-
curvature model, while at large N it approaches a power
law. We will constrain LAMP-1, LAMP-2, and LAMP-10.

A. Analysis procedure

The data analysis used here is that of Ref. [30], modified
to include isocurvature perturbations. Briefly, we combine
the publicly-available Planck likelihood code of
Refs. [25,26] with the BOSS DRI11 redshift-space galaxy
power spectrum of Refs. [27,28], and explore the likelihood
using a Metropolis-Hastings Markov Chain Monte Carlo
algorithm with a set of flat priors given in Table I. We now
summarize this analysis procedure below.

Our flat priors are chosen to be broad to allow adjust-
ments to the vanilla parameters in response to the addition
of isocurvature parameters. In particular, the priors on #,
@y, and 7 in Table I are the largest ranges allowed by the
CAMB code of Ref. [31]. Requiring that the KK spectator
fields have slow-roll solutions in the early universe restricts
the range of isocurvature indices to 1 <n; <4. Our

slightly narrower priors reflect the range of the fitting
function of Ref. [24]. Poorly-constrained isocurvature
parameters could be sensitive to our choice of flat priors
through the effect pointed out in [32]. Since we do not
claim significance in the fit results, we will not investigate
here the fit’s dependence on the different choices of priors.

Meanwhile, the prior on «, is based not on fundamental
physical arguments, but on the range of scales probed by
current surveys. In the limit of large positive «,, the
isocurvature spectrum reduces to a simple power law,
and the data are insensitive to «,. For very negative «,,
the spectral break is pushed to scales with large sample
variance, and the data become insensitive to n; as well as
to x,. Thus we set the minimum k, to be a few times the
horizon scale ayH, = 3.3 x 10~*h/Mpc, and the maxi-
mum k, to be a few times the largest wave numbers probed
by Planck and BOSS. Since more advanced surveys will be
able to measure larger «,, we use the LAMP-10 and HI-
BLUE test models to look for hints of a x, just beyond the
currently-observable range.

The Planck likelihood computation is divided into low-#
and high-Z components. Since the low-£ polarization
likelihood is computationally expensive, we restrict our
¢ < 30 analysis to the temperature power spectrum. For
¢ > 30 we employ the simplified plik-1ite function
of Ref. [26], which we marginalize over the absolute
calibration parameter Apj,,qc as recommended. CMB power
spectra are computed using the CAMB cosmology code of
Ref. [31] modified to include isocurvature power spectra
described by the fitting function of Ref. [24] appropriate to
models with blue-to-flat spectral breaks. For mixed models
combining adiabatic and isocurvature perturbations, we ran
CAMB separately for adiabatic and isocurvature initial
conditions, then added to find the combined linear power
spectra. Since CMB lensing is a nonlinear process, we also
compiled a stand-alone version of the CAMB CMB lensing
function, which we used to lens the combined linear power
spectra.

The BOSS DRI1 analysis of Ref. [27] measures the
monopole and quadrupole of the redshift-space galaxy
power spectrum at an effective redshift of z = 0.57 over a
range of wave numbers 0.0142/Mpc < k < 0.2h/Mpc. That
reference provides the window functions and covariance
matrices necessary for comparing power spectra to the
BOSS data. Beginning with CAMB inputs, we compute the
power spectra for mixed adiabatic and isocurvature models
using a modified version of the redTime nonlinear

TABLE L. The prior probability distribution is uniform in the parameters ng, n;, In(cg), Q,, 0100, @¢, @y, 7, and k,, with the above

bounds. 0, an approximation to the angular scale of acoustic oscillations which is related to the parameter £, is described in Sec. III of

Ref. [30].

ng ny 03 Qn h W Wy T Ky

>0 [1, 3.94] >0 >0 [0.2, 1] >0 >0.001 >0.01 [ln%/MPC, n%}
0 0
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redshift-space perturbation code of Refs. [30,33], based
upon the Time-Renormalization Group method of
Ref. [34]. Since the growth of large-scale structure after
decoupling is well described by a single CDM + baryon
fluid, mixed initial conditions can easily be accommodated
by adding the linear adiabatic and isocurvature power
spectra computed by CAMB at the redshift z;, at which
the nonlinear perturbative computation is initialized. We
choose z;, =200, as tested against N-body dark matter
simulations in [33,35].

Galaxies are biased tracers of the underlying density
field. Since blue-tilted isocurvature changes the shape of
the matter power spectrum, we must accurately model
the scale-dependence of galaxy bias. Reference [36]
describes a five-parameter model of galaxy bias, which
is simplified to a three-parameter model in Ref. [37]. We
use this three-parameter model unless otherwise noted. At
each chain point, we marginalize numerically over these
bias parameters as in Ref. [30] in order to compute the
likelihood.

For each model and data combination, we run 5 chains,
with a total of at least 500 000 MCMC points for each
Planck 4+ BOSS analysis and 1 000 000 for each Planck-
only analysis. Given the large number of points in a chain to
produce independent samples and sufficient computing
resources, we forgo the chain-thinning procedure.
MCMC convergence is tested using the potential scale
reduction factor /R, which approaches unity from above as
the variance of the means of several chains becomes much
smaller than the mean of the individual chain variances
[38,39]. We judge each set of 5 chains to have converged
when /R < 1.05 for fixed w, and VR < 1.1 for variable
w,; these are more stringent than the convergence require-
ment vR < 1.2 recommended in Ref. [39].

B. CMB constraints

Marginalized constraints on the vanilla and isocurvature
parameters from Planck data alone are shown in Table II.
Since Refs. [40,41] caution that low-level T — E leakage
may contaminate the polarization data in a way which
mimics isocurvature, we begin by evaluating the effects of
such leakage on our parameter constraints. The first two
columns of Table Il compare constraints using CL” only to
those using CZ7, CZE, and CEE. Since all parameter shifts
are substantially less than 1o, we conclude that the
isocurvature model considered here is insensitive to any
residual T — E leakage. Henceforth we use Planck temper-
ature and polarization data.

Comparing the vanilla parameters in Table II to those in
Table 3 of Ref. [40], we see that parameter shifts are less
than 0.60 except for o3 and z, which both increase by ~1o
when isocurvature is included. However, these increase
together along their mutual degeneracy direction. Since the
CMB constrains the combination g exp(—7) more tightly
than either of these parameters individually, we expect oy
and 7 to change in such a way that Acg/og ~ Az, which is
consistent with the shifts seen in Table II.

Since Q,, = Ois allowed atthe 1o level for the KK and NB
models, and slightly more than 1¢ for the PWR model, we
conclude that Planck data alone do not significantly prefer
any of the isocurvature models in the table. While there is a
slight preference for n; ~2.7 and «, =~ —0.5, the 95%
allowed regions for both of these parameters include nearly
the full ranges 1 < n; <3.94 and In(1/50) <k, <1In(10).
Figure 2 shows marginalized two-dimensional constraints
on the isocurvature parameters in the KK model. Note that
for the smallest «, values, the isocurvature spectrum is flat
over most of the observable range, meaning that n; is poorly
constrained.

TABLEII. Constraints on ACDM with isocurvature using Planck 2015 data (P) alone. The first column uses only the TT data in order

to test for the effects of T — E leakage on parameter constraints. For each parameter, the mean value as well as 68% and 95% upper and
lower bounds are shown. In some cases, both lower bounds on Q, are equal due to the prior Q,, > 0, implying that our results only
provide an upper bound.

KK, P(TT-only) KK, P NB, P PWR, P
s 0.968400:71 “g.014 0.9658 0505 401 0.9656205053 o1 0.964620:0055 53092
oy 0.851200% 10043 0.8440010 10036 0.84320017 “00% 0.841750%s 2008
h 0.679920511 1003 0.676520507; “0014 0.67610507" 0014 0.67622050° 0013
, 0.1184+0.0022 400046 0.119+00015 +0.0031 0.119700013 +0.000] 0119206013 200053
@, 0.022362000053 00016 0.02228 550017 2000033 0.02227:300017 1500033 0.02228 550015 5000+
g 0.1082005% 56 0.09765635 “00a7 0.0968 5053 “0040 0.090420537 0046
0, 12193 434 LOX)3 115 I 0.010253% *0015
ny 2755543 Y 2741056 113 2.635063 113 24355817
k. —0.57+ 14423 —0.51+12+2¢ -0.521}7 12¢
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FIG.2. Constraints on the KK model using Planck data. Light (yellow), medium (green), and dark (blue) shaded regions identify 68%,

95%, and 99.7% confidence contours, respectively.

C. Galaxy survey constraints

Next we combine the BOSS DR11 galaxy survey data
with the Planck data. We begin by testing the robustness of
our constraints with respect to the inclusion of additional
parameters describing the scale-dependent bias. The first
three columns of Table III constrain the KK model using
Planck and BOSS data, marginalizing over the 5-parameter
bias model of Ref. [36] for the first two columns and
3-parameter bias model for the other columns. Comparing
the first and the third column, the constraints on % and w,
shift by ~0.30, while all remaining parameters shift by less
than 0.150, and the isocurvature parameters by <0.03c,
suggesting that the 3-parameter bias model used henceforth
(unless specified otherwise) provides robust constraints.
Note that although allowing variations in the sum of the
neutrino masses leads to an increase in the expectation
value of k., as can be seen in the second column, the shift is
statistically insignificant since it is much smaller than a 1o
variation.

TABLE IIL.

Comparing Planck + BOSS isocurvature constraints
(e.g., the third column of Table III) to the Planck-only
constraints of Table II, we see that «, increases by =0.3
with the addition of galaxy survey data, while In(cg) and 7
both drop by ~0.03 in a way that leaves og exp(—7) nearly
constant. As with the Planck-only analysis, we see that
0, = 01is allowed at 1o in the KK and NB models, and at
somewhat more than 1 in the PWR model, indicating no
significant preference for these isocurvature models. Once
again, nearly the entire range of n; and x, are within the
95% confidence regions. Comparing the two-dimensional
constraints in Fig. 3 to those in Fig. 2, we see slight hints of
a preference for higher «,, n;, and Q,, when galaxy survey
data are included.

As another method of testing the significance of this
preference, we compare the full set of chain points for each
analysis to a negligible-isocurvature subset for which
0, <0.1 and k, <0. Although y*/degrees-of-freedom
does not make sense as a goodness-of-fit test for

Constraints on ACDM with isocurvature using Planck 2015 (P) and BOSS DR11 (B) data. The first column analyzes the

KK model using two extra scale-dependent bias parameters in order to test the robustness of our constraints, and the second column
varies the sum of neutrino masses »_ m, = 93.14w, eV as well as these extra bias parameters. For each parameter, the mean value as
well as 68% and 95% upper and lower bounds are shown. In some cases, both lower bounds on Q, are equal due to the prior Q,, > 0,

implying that our results only provide an upper bound.
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FIG. 3.
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Constraints on the KK model using Planck and BOSS DR11 data. Light (yellow), medium (green), and dark (blue) shaded

regions identify 68%, 95%, and 99.7% confidence contours, respectively.

marginalized likelihoods such as the Planck likelihood, we
can still ask whether varying 3 isocurvature parameters
lowers the y* by substantially more than 3. Allowing non-
negligible isocurvature in the KK model reduces y? by 2.4
in the Planck-only analysis and by 4.4 in the Planck +
BOSS analysis. (A similar comparison to the vanilla
Planck + BOSS analysis of Ref. [30] shows a y? reduction
of 4.8.) If we additionally allow all 5 bias parameters to
vary in the Planck + BOSS analysis, the 2 reduction falls
to 3.5. Thus there is not a strong preference for axionic blue
isocurvature in the current data.

KK-type isocurvature models with different «, are
qualitatively very different. In the small-x, limit, the KK
model reduces to a flat isocurvature, with weak constraints
on n; coming only from cosmic-variance-limited measure-
ments at horizon scales. Thus we consider a few specific
lamppost models in which «, is fixed to larger values, in
which current data can probe the blue-tilted region of the
power spectrum. Table IV and Fig. 4 show the resulting
constraints. We have chosen the maximum k, to be
In(0.5/Mpc/kqy) = 2.3, just beyond the largest wave num-
bers probed by Planck and BOSS data. In all three cases

considered, with x, >0, we see a > lo preference for
0, >0.

Finally, since we are specifically interested the bluest-
tilted models, we consider lamppost models in which
n; = 3.9 is fixed (this value is 20 allowed by the third
column of Table III and lies at the maximum of the allowed
MCMC sampling). Constraints on BLUE (variable-x, ) and
HI-BLUE (k, = In(10)) models are shown in the final
two columns of Table I'V. Intriguingly, the HI-BLUE model
has a 2¢ preference for Q,, > 0. We investigate this further
in Table V, showing constraints with and without BOSS
data. The corresponding one-dimensional probability den-
sity is shown in Fig. 5. Even though this is encouraging,
this does not represent a statistically significant hint since
there is no a priori reason to prefer the HI-BLUE spectrum
for the fits.

Since k, = In(10) corresponds to k,/ay = 0.5/Mpc =~
0.7h/Mpc, a few times larger than currently-accessible
scales, this constraint can be interpreted as a 2¢ preference
for a highly blue-tilted isocurvature with a power-law
spectrum on observable scales if there is some reason to
expect n; =3.9 a priori. While a 20 hint is hardly

TABLE IV. Constraints on lamppost models using Planck and BOSS data. LAMP-N is KK with x, = In(N), BLUE is KK with
n; = 3.9, and HI-BLUE is BLUE with x, = In(10). For each parameter, the mean value as well as 68% and 95% upper and lower
bounds are shown. In some cases, both lower bounds on Q,, are equal due to the prior Q,, > 0, implying that our results only provide an

upper bound.

LAMP-1, PB LAMP-2, PB LAMP-10, PB BLUE, PB HI-BLUE, PB
+0.0044 4-0.0086 +0.0041 4-0.0086 +0.0039 +0.0084 +0.0041 +0.0085 +0.0045 +0.0078
s 0'9653—00044 —0.0085 0'9651—00044 —0.0083 0'9637—040045 —0.0084 0'9649—0.0044 —0.0085 0'962—040038 —0.0082
+0.019 +0.033 +0.017 40.034 +0.015 4+0.033 +0.019 4+0.034 +0.014 +0.032
8 0.819%0 018 Z9'035 0.817%0019 29034 081420015 “9033 0.819%0 010 Z9038 0.812%5018 Zg027
+0.0047 +0.0097 +0.0051 +0.01 +0.0047 +0.01 +0.0049 +0.0099 +0.0047 +0.0098
h 0'6761—0-005| —0.0096 0'6766—00051 —0.0099 0'6765—0.005] —0.0096 0'6762—0»0048 —0.0096 0'6771—0-0052 —0.0095
+0.0011 4-0.0022 +0.0011 4-0.0022 +0.0012 +0.0021 +0.001 +0.0021 +0.001 40.0022
@c 0.1 19—00011 —-0.0022 0.1 189—00011 -0.0022 0.1 189—04001 —0.0022 0.1 19—00011 —0.0021 0.1 188—040012 —0.0021

[N 0.02226+0.00014 40.00028

+0.00014 4-0.00029
—0.00014 —0.00028 002228

—0.00014 —0.00028

0.02228+0‘00014 +0.0003

0.02226+0'00015 +0.0003

+0.00016 +0.00028
—0.00015 —0.00029 0.02227

—0.00015 —0.00029 —0.00013 —0.00028

+0.024 +0.044 +0.023 +0.043 +0.021 +0.041 +0.025 +0.044 +0.018 +0.04
v 0'068—0.023 —0.044 0'065—0.024 —0.046 0'056—04028 —0.046 0'067—0.024 —0.049 0'046—0.032 —0.036
+0.7 +1.4 +0.42 +0.85 +0.062 +0.2 +0.3 +1.3 +0.026 +0.049
Q” 1'4—10 —1.4 0'93—0.58 -0.93 0'19—0.15 —0.19 1'1—1.0 —1.1 0'062—003 —0.052
+0.8 +1.2 +0.85 +1.2 +0.77 +1.2
ny 275108, 12 277508 +12 2752065 L1y
K, -0 45+1.2 +2.2

—0.89 —2.2
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4 4

4

FIG. 4. Constraints on the LAMP-1 (left), LAMP-2 (middle), and LAMP-10 (right) models using Planck and BOSS DR11 data. Light
(yellow), medium (green), and dark (blue) shaded regions identify 68%, 95%, and 99.7% confidence contours, respectively.

conclusive and there is no compelling reason to expect
n; = 3.9, if we interpret this really as a hint, there is some
reason to be optimistic about its case being strengthened by
data in the near future. Planned CMB and large-scale
structure surveys promise more sensitivity over a larger
range of scales. Surveys mapping the neutral hydrogen in
the universe using the 21 cm line are expected to reach
k/agy ~ 10h/Mpc in the coming decades. Such probes will
shed light on physics at the highest energies through their
sensitivity to ABI models.

Regardless of this fit result being interpreted as a hint,
note that this class of models also “predicts” k,, the break
point in the spectrum, to be in the observable range if one
restricts the theoretical bias to having sub-Planckian scalar
field values and more importantly the total number of
e-folds of inflation not being smaller than around 50. More
specifically, one can see from generalizing the model
dependent Eq. (19) that

&N Dinit %e‘(Ne‘”) Tw/H\'3 (H/pg, /3
ao 0.3M, 107! 1073

where M, is the reduced Planck mass, H is the expansion
rate during inflation, and ¢ is a model dependent order
parameter that controls whether the isocurvature pertur-
bation modes are massive or massless (when compared to
H) at the time of mode horizon exit. In an axion model
specific to Eq. (19), ¢ has the order of magnitude of the
PQ symmetry-breaking field |®, |. The variable ¢;,; is the
@ value at N, e-folds before the end of inflation, and
the variable ¢y, is the ¢ value at the time when the modes
are first massless at horizon exit.

Another positive indication for future observability of
this class of models can be seen as follows. According
to column 4 of Table V, the 95% confidence level
upper bound on @, is 0.11, which corresponds to
Q, =9 x 1078, This implies that the isocurvature power
at k/ay = 0.5 Mpc™! primordially can be 40 times larger
than the adiabatic power (in contrast with the percent
level power of a scale-invariant spectrum). Moreover,
because the data set used here is already insensitive to the
spectrum at this large k/ay > k,/ay~ 0.5 Mpc™!, it is
possible to dramatically further increase the isocurvature
power relative to the adiabatic power by increasing

x (10 Mpc™)

(7)

TABLE V. Constraints on extremely blue-tilted lamppost models with n; = 3.9. BLUE allows «, to vary while HI-BLUE fixes it at In
(10). Constraints are from Planck data alone (P) or Planck plus BOSS (PB). For each parameter, the mean value as well as 68% and 95%
upper and lower bounds are shown. In some cases, both lower bounds on Q,, are equal due to the prior Q,, > 0, implying that our results
only provide an upper bound.

BLUE, P HI-BLUE, P BLUE, PB HI-BLUE, PB
n 096570003 T0.01 0962800048 Ca0r” 0.9649 0004 00052 096210003 *0007s
o 0.84420017 005 0838700 H000 0.81970010 1003 0.81270018 10032
h 0.6764 0007 H0.014 0.6767" 00061 ~o 014 0.67627 00045 6000 0677100053 00008
o8 0119700012 *000a! 0.11891 00015 10003 01190501 100051 0118870000 T0.003
@y 002228000017 00003 0.0223 00018 100003 0.02226 000015 “oiat0m 0.02227 30015 *0 00028
4 0.098003 0048 0.08170 03 “ooey 0067005 F00is 00460045 “5oae
Q, T 0.047 003 To0is [ 0.062* 033 T0003
K, -0.68"07% 133 —0.45%34 53
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FIG. 5.
Planck or Planck + BOSS data.

IV. A MODEL INTERPRETATION

In this section, we interpret the fit results of the last
section in terms of the axion model of [17]. We will find
that the fit is consistent with a very plausible supersym-
metric QCD axion model. In particular, we will find that the
result is consistent with a scenario in which all of the dark
matter is composed of axions and the initial misalignment
angle is of order unity.

The supersymmetric model [17] has its axion residing in
a linear combination of PQ-charged beyond-the-Standard-
Model fields @, and ®_ where the subscripts refer to the
PQ charges. As explained in [17] (and [18]), the relevant
effective potential during inflation is

VR h|®, 0~ Fi> + ¢, H?|®. [+ c . H?|O_|* (8)
where {h,c., F,, H} are numerical constants. The vari-
able H has the interpretation of the expansion rate during
inflation, and F, is related to the usually quoted axion
decay constant f, through

fa= V2@ (1) + (1)) ©)

where

J/CiCc_H?

(10)
hiF;

c 1/4
()l =7, (52) )1 -
+

Because of the insensitivity of the ABI spectrum with £, -
variation in the parameter region of interest, we can set
h; = 1 as long as h; F, > H. The initial condition for ®_
is parameterized by

D (1;) = | DL (1;)| T+ 1) (11)

where 0, (7;) ~ 0(0.1) for “natural” scenarios.

0.35

Planck
Planck+BOSS —— 4

0.3F

0.25F

0.2

0.15

0.1

probability density (arbitrary units)

Marginalized probability density of Q,, in (left) the HI-BLUE model, and (right) the full KK model, constrained using either

The key initial condition is that {|®, (;)]>
F,, @, (t,)®_(t;) ~ F2} and ®, rolls towards the mini-
mum during inflation. With the parameterization

(Di_zofeXp( \/Ci(/’j:) 12)

where ¢, and a, are real, the axion is

a= P4, - ¢~ a_ (13)

NN

and this field will have a mass-squared that is approx-
imately c,H? during inflation if |®,|> F, while
®,®_ = F2. The Goldstone theorem is evaded because
the radial field @, is rolling and not at its minimum. This
temporary massive behavior of the axion is responsible
for the blueness of the ABI spectrum. The approximate
constant behavior of the mass until ®_ reaches @ (¢;) is
natural within supersymmetric models since the leading
SUSY breaking is controlled through gravity-mediated
contribution H, the expansion rate, which is approximately
constant during inflation.

As explained in [24], the parameter Q,; (related to the
more practical fit parameter Q, through Eq. (5) fixed
through the fit constrains underlying model parameters
through

_(H\? Alcy)y/c_Jc.
o= <2”> Fa0% (1;)(1 ‘FC—/C+)wZ

where w, = Q,/Q,. is the dark matter fraction in axions

and is approximately
V2F,, [oEe npr
Vet

10'? GeV

(14)

wazwaei(ti) (15)
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Here
nPT ~ 119 (16)

are QCD phase transition physics related parameters [42],
and we have assumed that ¢, > 0. The w, parametric
dependence assumes that the axion relic density is domi-
nated by the coherent oscillations after the chiral phase
transition. It also assumes that the coherent oscillations
begin when T 2 0.1 GeV such that the axion mass has
the usual nontrivial temperature dependence of m, x
(Agep/T)*3* (see Eq. (9) of [42]). In terms of F,, we
are assuming F, < 10" GeV. For larger F,, the relic
abundance formula needs modifications, but for this
section, this will not be of interest to us because this
parameter region is not phenomenologically viable.
Although one can compute A in terms of the interpolating
function of [24], its range is

A(c,) ~0.92 +0.03 (17)

which means one can obtain a good approximation without
computing this accurately.

Combining Egs. (5) and (14), we can write all the fit
parameters on the right hand side of the equation

[HO. (1) 2Fa"" ™
(1012 GeV)2"rr

_@rR(tefeu(n) 0 1 k)0,

22 A(ey) (Ve Jen (n) 7w

where Egs. (4), (16), and (17) and the parametric choice
{c_=0.9,n; > 1.68} can be used to complete the speci-
fication of the right hand side.” For every right hand side of
Eq. (18) specified by the fit, this equation allows us to have
an area of solutions in (H,6,(t;),F,) space. For every
point in the solution space, there is a x, related constraint
in the inflationary model/initial condition parameter
(T s No, |®o(2;)]) space through the following equation
which relates observable length scales to these inflationary
parameters:

|(D+(li)| %e_(Ne_54) Trh 1/3 H 173
F, 107 GeV 7 x 108 GeV

e c.(n)\ —wom
= 19
2x10—4< c ) (19)

2See the discussion below Eq. (1) and the discussion in [24] for
more information about the ¢_ parametric choice.

where

y(ny) :%(1 —/1 —gc+(n1)>. (20)

Here, T,, is the reheating temperature (temperature at
which the universe becomes radiation dominated after
inflation), N, is the number of e-folds between an initial
time ¢; and the end of inflation, and g.5(t,) is the effective
number of entropy d.o.f. today. Because of the exponential
on the left hand side of Eq. (19), the exponential variations
in k, can easily be accommodated in variations in N,. As
we will see more explicitly shortly, this means that the
break in the spectrum can be placed almost anywhere in the
observable length scales as long as the number of e-folds of
inflation is not strongly constrained. For an example of
assumptions that can lead to constraints, see the discussion
around Eq. (7).

Recall that the mean and 68% CL range for the spectral
index are

n; =2.8"4(10) (21)

taken from the third column of Table III. Given that the
right hand side of Egs. (18) and (19) only contain fit
parameters, we plot in Fig. 6 the (Xphen, Y phen) distribution
generated by MCMC for bins of n; surrounding the mean
spectral index of Eq. (21) where

o @O+ e /ey () 10701 + e,

hen ~ —npr
! 21 A(cy) (Ve /ey (ng) T W3
(22)
e c(ny)\ 7w
Y = 2
phen 2x10—4< c_ ) 23)

and the Q, dependence shows up only in Xe,. As
explained in the figure captions, the results suggest that
much of the constraint for the n; 2 3 models with the
current data is coming from the bump region and above in k
space since that part of the data is not as sensitive to
the spectral index for x, < 0. The insensitivity of the
k Z kqexp(k,) part of the spectrum with the spectral index
n; is illustrated in Fig. 7. On the other hand, the likelihood
for the n; < 2.8 region is more sensitive to the data with k
smaller than the break (and hence the likelihood is more
sensitive to the spectral index) since the isocurvature
amplitude there is not as suppressed in the case of the
smaller spectral index. This also explains the asymmetry in
the error bars in Eq. (21). Note that because CMB
observables are not as sensitive to large k isocurvature
primordial spectrum compared to the large k adiabatic
primordial spectrum, the k < k, part of the spectrum in
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FIG. 6. Distribution of (Xppen,Yphen) (With CMB only KK fit) is plotted for (a) n; € [1.9,2.3], (b) n; € [2.6,2.9], and
(c) n; € [3.54,3.94] (d) BLUE model with n; = 3.9. Each successive contoured regions corresponds to 1,2,3-¢ regions. Since the
distributions (c) and (d) are similar, the constraint is not very sensitive to the isocurvature spectral index n; “far” above the central
spectral index of Eq. (21). This suggests that much of the constraint for the “large” n; models with the current data is coming from the
bump region and above in k space since that part of the data is not as sensitive to the spectral index for x, < 0.

Fig. 7 is more significant for CMB fits than it naively
appears for shallow n;.

Inspired by the fit results of Fig. 6, Eq. (21), and Sec. III,
we choose two representative parameter sets to investigate

10~% ——— e ——— ey ————

107101

10-11 1

o~
<]

10712}

1012

10-14 . .

0.01 0.05 0.10 050 1 5 10
Ky

FIG. 7. A%(k,k*,n,,Ql) is plotted for n; =2.5 (solid),

n; = 3.2 (dotted), and n; = 3.9 (dashed) with k, = 0.81k, and
Q, = 0.96. The bump region and above are not very sensitive to
the spectral index for a fixed Q,. The plateau amplitude
(corresponding to the mean n;) is approximately 10% of the
adiabatic power, which represents an order of magnitude en-
hancement compared to the current bounds on the flat spectral
index case.

whether interpreting these parameters in terms of the axion
model of [17] leads to a reasonable physical picture. One
set we choose is the expectation values S; = {n; = 2.8,
Xphen = €Xp(—20.6), Y phen = exp(8.1)} (corresponding to
{0, =0.96,k, = -0.21,Q, = 1.5x 1071°}) and a sec-
ond set S,={n; =2.8, Xypen = exp(—=19.8), Y pen =
exp(7.7)}  (corresponding to {Q, =2.8,kx, = —0.6,
Q, = 3.3 x 107'9}) which gives a larger Q, that is still
lo consistent with the central value in the binned distri-
bution of Fig. 6(b). The {6, (¢;), H, F,,} parameter regions
consistent with S; and S, are shown in Fig. 8. The most
important phenomenological self-consistency constraint in
Fig. 8 is that the axion dark matter does not exceed the
totality of cold dark matter abundance:

w, < 1. (24)
This determines the upper ends of each of the allowed
(H, F,) curves. The most important theoretical constraint
comes from the validity of the linear computation,

A2
Y5 o, (25)

Wy

which is a restatement of the assumed smallness of axion
energy overdensity ép,/p, < 1. Since the spectral peak is

023525-11



DANIEL J. H. CHUNG and AMOL UPADHYE PHYS. REV. D 98, 023525 (2018)

T — - 1017 ;

1015_ 1015‘_ e -y
= 55%10"1 55%10~2 = _
3 101 \ : - 6.(t)=10""
= 2 6.(t)=10"

101 a

— 6.(t)=10
108
107 108 10% 1010 10" 10"
H (GeV)

FIG. 8. Shown are axionic parameter regions consistent with the parameters S; preferred by current data (left) and a larger Q,
parameter set S, (right). Hence, the effect of increasing O, and adjusting k, to maintain a good fit to the data shifts the underlying model
parameters {H, F,} to the right. The upper ends on all the thick lines come from the saturation of the dark matter bound: w, < 1. The
bottom ends on all the thick lines come from the bound of perturbativity: 8p,/p, < 1. The dashed curves represent |®, (7;)] < 0.3M,
with two different numbers of inflationary e-folds. The upper one assumes that the number of e-folds N, of inflation is at least 50, while
the second curve assumes that the number of e-folds of inflation is at least 54. The dotted curves towards the bottom of the figure
represent boundaries below which the total dark matter abidance may also contain cosmic strings because the maximum temperature
reached during the reheating period is larger than F,. The upper dotted curve is for T, = 108 GeV while the lower dotted curve is for
T,, = 10° GeV. The bottom blue region is excluded by the supernova 1987A burst duration (e.g., [43]), and some literature exclude F,
values that are an order of magnitude higher [10]. The numbers by the isolated dots indicate w, at that point in the parameter

space.

less than about twice the plateau, we can impose a simpler
bound,

9, 1
—_— <= 26
w, = 2° (26)

which will set a lower bound on F,. This determines the
lower ends of each of the allowed (H, F,) curves.

The dashed curves in Fig. 8 represent |®._ ()| < 0.3M,
with two different numbers of inflationary e-folds. If
|®, (2;)| is above this value, we would generically be wary
of the breakdown of the effective field theory description
that neglects gravity suppressed nonrenormalizable oper-
ators. Note that N, in Eq. (19) represents the number of
e-folds between time ¢; and the end of inflation. Hence, we
see from the figure that the initial nonequilibrium value of
|®_ ()| need not be very large to satisfy the best fit value of
k,. The dotted curves towards the bottom of the plot
represent the boundary below which we would have to take
into account the cosmic string decay contribution to the
axionic dark matter abundance due to the fact that PQ
symmetry might be restored if

57,

1/8
Fa,STmax_(O.77)( 2 > VT (HM ,/87)' 7,

(27)

where T, is taken from [44] and we have assumed
in Fig. 8 that the number of d.o.f. g, contributing to the
energy density is 200 at the completion of reheating. If
the axionic string network reaches the scaling regime, then

the decay of the strings will contribute an axion abundance
of [42]

F, M9 Agep
Qo 7 2. 2
@ Oé:<1012 Gev> <400 MeV )’ (28)

which would be relevant in the parameter regime below the
dotted curve in Fig. 8. Since there is a large parameter
region in which axions constitute all of the dark matter, we
will not dwell on this parametric corner where the string
contribution becomes important.

Some other constraints that we have considered but are
not important in the best fit parameter region are the
following. Making sure that the initial 6, (¢;) tuning is
above the quantum noise and noting the approximation
made in Eq. (29) of [24], we impose

2% (1] <0, (1)< 1. (29)

If we require that the classical value of the conserved
quantity be always greater than the quantum fluctuations
(not just at the initial time), we end up with a stronger
constraint:

H
—_— k0. () k1. 30
< 0 (30)

These constraints are not as strong as the ones playing a
role in Fig. 8.

It is important to note that the axionic d.o.f. naturally
carries both adiabatic and isocurvature inhomogeneity
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condition information because of the gravitational coupling
between the inflaton and the axion, as discussed in [18]. In
spatially flat gauge, this imprinting of the adiabatic inho-
mogeneities shows up as a secular time integral effect.
Hence, even though the axion is a spectator field with
its own independent quantum fluctuations, it naturally
acquires mixed boundary conditions.

V. CONCLUSIONS

In this work, we have fit the ABI spectrum to Planck and
BOSS DR11 data. Unlike the usual isocurvature spectrum
that is fit to data in the literature, this spectrum has a strong
blue tilt up to k,, has a little bump, and is flat beyond
that. We use the economical three-parameter fitting
function of [24] in the context of six-parameter vanilla
A-CDM and find the best-fit isocurvature parameter set
of about {k,/ay=4.173% x 107> Mpc™!, n; = 2.76 1),
0, = 0.964_”8_'332} (1o error bars) which indicates a decent fit
with the ABI spectrum making up about 10% of the power
on short scales. Unfortunately, it is clear that there is no
statistical significance to this nonzero isocurvature ampli-
tude. Note that 10% of the primordial power on short scales
is much larger than what one would expect from a scale-
invariant isocurvature spectrum. The rest of the A-CDM
parameters can be found in Table III. If we fix the spectral
index and the break point to be large (n; =3.9,
k,/ao = 0.7h/Mpc), we find a 26 preference for a nonzero
ABI spectrum as indicated by Fig. 5. It is interesting to note
that the 26 acceptable fit of this HI-BLUE model allows the
primordial isocurvature power to be 40 times the adiabatic
primordial power at k 2 k, scales.

Furthermore, in the context of the axion model of [17],
the parameter region preferred by current data corresponds
to all of the dark matter being made up of QCD axions
with the axion decay constant of order 10'* GeV and an
expansion rate of order 108 GeV during inflation. This
interpretation would imply no detection of inflaton gen-
erated gravity waves (tensor perturbations) in the near
future (e.g., in experiments such as CMB-S4 [45]).
However, the axion masses would be within the range of
detectability through microwave cavity type of experiments
[46]. Although all of these results are encouraging, the fit
results are statistically inconclusive.

On the other hand, there is additional reason to have
some optimism that the results might be hinting at
a signal. As investigated by [29], a A-CDM fit to small
[ (I €]2,1000)) and the large ! (I > 1000) Planck data
gives about a 26 discrepant value of Q_.42. In particular, the
low-7 data prefers Q.h*> ~0.115 while the high-# data
prefers Q.h? ~0.125. Although [29] disfavors this dis-
crepancy as a hint for new physics because of the Planck
data’s tension with the South Pole Telescope data, the
interpretation of this discrepancy is currently unresolved,
and what we may be detecting in the ABI fit presented in
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FIG. 9. Qualitative picture showing how an exaggeratedly large
w, =Q.h*> A-CDM C; prediction in the high-# region is
mimicked by the prediction with the addition of an exaggeratedly
large ABI contribution.

this paper is this mismatch between the low-# and high-#
data. For example, Ref. [29] considered the possibility of
increasing a CMB lensing phenomenological parameter A;,
(possibly motivated by modified gravity) to resolve the
anomaly. The paper [47] shows that the A; can be set to its
general relativity value of A; =1 using compensated
isocurvature perturbations. One can obtain a sense of
how the ABI spectrum mimics the large Q.h* effect in
the large ¢ region through Fig. 9, which significantly
exaggerates both Q.#% and Q, to make the effect more
apparent.

Although future data may shed light on the systematics
between the low £ and the high #, the current state of the
data seems unclear. For example, the SPTpol polarization
data of [48] for [ < 1000 are consistent with high Q_h?,
while the data for [ > 1000 prefer a large Q. h’>. The
ACTPol data of [49] have error bars that are consistent with
both high and low Q.h% Although the most probable
interpretation of the low-£ vs high-£ anomaly can be
argued to be the existence of not yet well understood
systematics, if it is a signal of new physics, we can look
forward to future data increasing the statistical significance
of the hint. Indeed, planned CMB and large-scale structure
surveys will improve data sensitivity over a larger range of
scales. Since experiments measuring the 21 cm line are
expected to reach scale sensitivities of k/ay ~ 10h/Mpc in
the coming decades [50], such probes may shed light on
physics at the highest energies by confirming or excluding
hints of ABI perturbations.
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