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New constraints on primordial features from the galaxy two-point correlation function
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Features in the primordial power spectrum represent the imprinted signal in the density pertur-
bations of the physics and evolution of the early Universe. A measurement of such signals will
represents the need to go beyond the minimal assumption made for the initial conditions of the cos-
mological perturbations. For the first time, we study different templates with undamped oscillations
or a bump from the two-point correlation function measured from BOSS DR12 galaxies constraining
the amplitude of the features to be at most a few percent. Constraints are competitive to the ones

obtained with Planck DR3.

I. INTRODUCTION

Measurements of cosmic microwave background
(CMB) anisotropies, such as those from Planck DR3
[1-3], have contributed significantly to the characteriza-
tion of the initial conditions of the Universe. The tight
CMB constraints to spatial curvature, isocurvature fluc-
tuations, and primordial non-Gaussianity, all agree with
predictions of the standard single field slow-roll models
[4-10].

While in these simplest realizations the nearly expo-
nential expansion driven by a scalar field ¢ slowly rolling
down a sufficiently flat potential V(¢) predicts a nearly
scale-invariant primordial power spectrum (PPS), several
classes of inflationary models predict features in the PPS
such as scale-dependent oscillations.

Indeed, primordial features (PF) are expected to ap-
pear as deviations from a power law in the PPS due to lo-
cal or nonlocal modifications of the inflaton potential [11-
17], to the presence of new interactions and heavy par-
ticles [18-22], non-Bunch-Davies initial conditions [23—
25], or also as imprints of alternatives to cosmic inflation
[21, 22, 26]. Moreover, phenomenologically they can be
connected to persistent anomalies in the CMB tempera-
ture angular power spectrum measured by WMAP [27]
and by Planck observations [2, 28, 29]; PF have been also
proposed to explain anomalies such as the CMB lensing
anomaly, the Hy and the Sg tensions [2, 30-32].

In order to go beyond the current 20 — 30 evidence of
some PF patterns from CMB anisotropy measurements
[2, 2729, 33-39], it has been shown how future large-
scale structure observations will be able to improve cur-
rent constraints on these oscillatory-feature models. This
will give the opportunity to further investigate the pres-
ence of any salient feature in the matter power spectrum,
complementing the constraints based on CMB anisotropy
measurements to smaller scales, and being very powerful
to constrain high-frequency oscillations appearing on the
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PPS, see [40-46]. In this perspective, an intensive effort
has been put in place to study the nonlinear dynamics of
the cold dark matter (CDM) power spectrum for initial
conditions containing PF, see Refs. [45-50].

The goal of this work is to provide new constraints on
the amplitude of PF for models with superimposed un-
damped oscillations or a bump performing the first anal-
ysis of PF models with the galaxy two-point correlation
function (2PCF) from the Sloan Digital Sky Survey III
Baryon Oscillation Spectroscopic Survey Data Release 12
(BOSS DR12).

Our paper is organized as follows. After this intro-
duction, we described the primordial feature models and
the corresponding PPS templates studied in Sec. II. In
Sec. III, we described the datasets considered and the
modeling for the 2PCF used for the analysis together
with the prior on the cosmological and nuisance param-
eters in Sec. IV. We present our results obtained with
SDSS BOSS DR12 in Sec. V. In Sec. VI, we draw our
conclusions.

II. MODELS OF OSCILLATORY PRIMORDIAL
POWER SPECTRUM

Starting from the standard power-law PPS of the
comoving curvature perturbations R on superhorizon
scales, which is given by

Pr.o(k) = A, (,f)_l , 1)

where Ag and ng are the amplitude and the spectral index
of the comoving curvature perturbations at a given pivot
scale k. = 0.05 Mpc ™!, we consider deviations as

Pr(k) = Pr,o(k) [1 + Ppr(k)] . (2)

There are many kinds of oscillatory patterns models
such as features that oscillates linearly or logarithmi-
cally in k as well as oscillations with constant or scale-
dependent amplitude [11, 12, 16, 17, 21-26, 51-53]. We
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FIG. 1. PPS for the three templates analyzed. For M1 (red),
we fix Ajin = 0.05, wiin = 2, and ¢iin = 0. For M2 (blue), we
fix Aiog = 0.05, wiog = 5, and ¢iog = 0. For M3 (green), we
fix Air = Amr/As = 0.1 and kg = 0.01 Mpc™'.

therefore consider the following templates with superim-
posed oscillations on the PPS,

PPF(k) = Ax sin (WXEX + 27T¢>X) R (3)

where X = {lin, log} and Ex = {k/k., log(k/k.)}. These
two templates with undamped oscillatory features (here-
after M1 and M2) are described by three extra param-
eters; an amplitude Ax, a frequency wx, and a phase
2m¢x that we restrict to the range [0, 27w]. Linear ex-
tended oscillatory features can be generated by a sharp
variation of background quantities « 6(7 — 79) where 7o
determines the characteristic frequency of the oscillatory
pattern. Such situations can be realized either by hav-
ing sharp variation of the slow-roll parameters, induced
for instance by a nonsmooth inflaton potential [11-15],
or by sharp variation of the sound speed, induced for
instance by a sudden turn in the multifield inflationary
trajectory [22, 54, 55]. Alternatively, linear oscillatory
features could arise assuming non-Bunch-Davies initial
conditions; see Refs. [23-25]. Features with logarithmic
oscillations can be generated when background quantities
have an oscillatory time-dependent behavior themselves
[56], such as models with periodic potentials [16, 57, 58].
Note that models cold also predict a scale-dependent am-
plitude for the oscillatory signal; see Refs. [11, 23-25, 37].

As third model (hereafter M3), we consider a localized
bump [59]

ot~ ()" (&) 8 ()

described by two extra parameters; an amplitude that we
rescale with the amplitude of comoving curvature pertur-
bations Ajg = Arr/As and a scale kg connected with the
position of the bump. This feature is generated from par-
ticle production during inflation assuming a single burst
of particles. Indeed, in models with a resonant produc-
tion of particles the local interaction generates a bump in

Parameter  Flat prior range
al, o [0.7,1.3]
By, B [0, 5]

AS, A%, AY, A2 [—100,100]
AY, A3 [—~1000, 1000]
Alif., log [0,0.5]

AIR [Oa 1]
Wiin [1.5,13]
Wiog [1,50]
kir [Mpc™!] [0.001,0.1]
(Zﬁlin7 log [01 1]

TABLE I. Priors for model parameters.

the PPS plus small linear oscillations which decay very
quickly. We show the effect of the feature parameters on
Ppr(k) in Fig. 1.

III. DATA

In order to constraint these models, we consider the
full DR12 data set! split into three redshift bins 0.2 <
z < 0.5,0.5 < z < 0.75, and (overlapping) 0.4 < z < 0.6,
following Ref. [60]. We study also the case combining the
first two nonoverlapping redshift bins, neglecting their
correlation.

We analyze the DR12 data set with the publicly avail-
able library CosmoBolognalib? [61] by performing a
Markov Chain Monte Carlo (MCMC) analysis.

For all redshift bins, we use the first two even multi-
pole moments, i.e., the monopole and the quadrupole, of
the anisotropic correlation function (s, pt) measured us-
ing the minimum-variance unbiased estimator [62] with
density-field reconstruction [63, 64]

DD(s,p) —2DS(s,p) + SS(s, )

E(s,p) = S5, 1) ;

()

where DD, SS, and DS are the numbers of galaxy-
galaxy, random-random, and galaxy-random pairs in bins
of s and p.

Unless otherwise noted, we use a flat ACDM cosmol-
ogy given by Q, = 0.31, Q,h% = 0.0220, h = 0.676,
ns = 0.97, g = 0.8, and three massless neutrinos. This
is consistent with Planck DR3 results [1] and is the same
cosmological model as used in the papers studying the
BOSS DR12 combined sample [60]. We consider the
postreconstrunced galaxy 2PCF on the range of scales
20 < s [hn"'Mpc] < 180 divided in As =5 h~!Mpc bins.

I https://data.sdss.org/sas/dr12/boss/papers/clustering/
2 https://gitlab.com/federicomarulli/CosmoBolognaLib
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IV. ANISOTROPIC ANALYSIS OF THE BAO
PEAK IN THE MULTIPOLES OF THE 2PCF

To build the model for the anisotropic 2PCF, we start
modeling the nonlinear CDM power spectrum in redshift
space [65—68]

PEPM(k, ) = [1+ B Rk, 20)]* Frog (K, 2s) P (k)
x [1 + pBAO(k)e—k22§L<u>/2]
X |1+ Pop(k)e"e/2] (6)
where
Frog(k i, 5g) = —— M)
fog (s s 245 ) = (1—|—k2,u223/2)2
PlIl k
Poao(k) = & ((k; -1 (8)

S DB =28+ (=Bt (9)
The linear power spectrum P, (k) is obtained with CAMB?
[69, 70] and the no-wiggle Poy (k) is obtained with fit-
ting formulae from Ref. [71], in both cases using our
fiducial cosmology. [ is the ratio between the linear
growth rate f(z) = Qu(2)%?% and the linear cluster-
ing bias. We fix the streaming scale ¥, = 4 h~'Mpc.
The radial and transverse components of the standard
Gaussian damping of baryon acoustic oscillations (BAO)

are fixed at ¥ = 4 h™'Mpc and ¥ = 2.5 h~'Mpc.
Rk, %) = 1-— e~**T2/2 ig the smoothing applied in
reconstruction and ¥, = 15 h~'Mpc is the smooth-

ing scale used when deriving the displacement field [72].
Motivated by the weak dependence of current measure-
ments of the 2PCF on the choice of damping scales (see
Ref. [60]), we fix ¥n;, = Xpr. We test changing the fixed
value of the Gaussian damping to 2Xpp, i.e. with a larger
damping of the primordial features, finding negligible ef-
fects on the final constraints.

Following Ref. [60, 73], we fit to the data using the
following model for the monopole and quadrupole of the
galaxy 2PCF

Ay A2

&o(s) :BoggD (s, al,a”)—J—AO—Ff—F— (10)
5
&a(s) = 5 [Bagg™ (s, 00, 0) = Bogg ™ (s, 01, )]
AL A2
0
+A+ —+ 5—2 , (11)
where E]ODM(S,OCJ_,OCH) and EPM(s, a,q)) are the CDM

2P CF monopole and quadrupole computed at the fiducial
cosmology, and {By, Ba, A} A3, AY, A% AY, A2} are
considered as nuisance parameters.

3 https://camb.readthedocs.io/en/latest/

Given Eq. (6), we calculate the templates
&M(s,an, ) and PM(s,ayi,q)) starting  from
the definition of multipole moments

20+1
=20 [ apwan.  02)

where L;(u) are Legendre polynomials. These are trans-
formed to 2PCF multipoles as
7;@

Sels) =55

/ dk k2 Py(k)je(ks) (13)

where jg(ks) is the ¢th order spherical Bessel function.
We then use

W= 3" ) Leu). (14)

0=0,2

Finally, we take averages over

1
f@(s, ag, CYH) = /_1 dﬂpf(utrue)g(struev /’Ltrue) 5 (15)

where figue = uaH/\/quzﬁwL 1—p?)a?, Spue =

e

By, By and A] are used to marginalize over the clus-
tering bias amplitude, redshift-space distortions, and
the broadband effects including angle-dependent over all
shape of the power spectra. We impose uniform flat prior
on all parameters (see Table I for the prior ranges).

The effect of each of the feature parameters on the
nonlinear galaxy 2PCF monopole and quadrupole is il-
lustrated in Fig. 2 for a reference central redshift z = 0.51
of the BOSS DR12 sample. We see that M1 present a
sharp peak or deep, depending on the value of the phase
®1n, corresponding to the scale of the 2PCF located at
s ~ 20wy Mpe. The signal is smoothed by nonlinear
effects similarly to the case of the BAO [45, 46], damp-
ing the primordial oscillations on the small scales of the
Fourier space matter power spectrum and leading to a
broad bump on the 2PCF. Note that for wy, ~ 7.5 and
¢1n = 0 the peak coincides with the position of the BAO
one, i.e., sgao ~ 150 Mpc. M2 leaves a broad pattern on
all scales in the 2PCF. Finally, we see, differently from
what happened for the oscillatory templates, M3 gener-
ates a smooth and broad change of the 2PCF monopole
shape. It is interesting to note that while the first two
templates leave a clear oscillatory pattern also on the
quadrupole, for the third model there is a negligible ef-
fect on the quadrupole.

p?)a? . All the nuisance parameters, i.e.

V. RESULTS FOR THE ANISOTROPIC
ANALYSIS

We start performing the standard BAO analysis on
BOSS DR12 data for ACDM cosmology to validate our
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FIG. 2. Nonlinear galaxy 2PCF monopole (top panels) and quadrupole (bottom panels) computed at z = 0.51 for M1, M2,
and M3 (from left to right). We fix the standard cosmological and model parameters to the baseline and we vary one feature
parameter at a time. For M1 (left panel), we fix Ai, = 0.05 and we vary wiin = {2, 10}, ¢un = {0, 0.5}. For M2 (central
panel), we fix A,z = 0.05 and we vary wiog = {5, 20}, and ¢ = {0, 0.5}. For M3 (right panel), we fix Amr = Air/As = 0.1
and we vary kg = {0.0075, 0.01, 0.025, 0.05} Mpc™".

ACDM M1 M2 M3

sample Q| Ot” o Ot” o OéH (62N OéH

0.2<2<0.5 0.979+0.014 1.017£0.028 0.982 £ 0.017 1.004 £ 0.029 0.976 £ 0.015 1.022 £ 0.027 0.980 £ 0.014 1.015 £ 0.028
0.4 <2z<0.6 0991 £0.014 0.988 +0.025 0.994 £ 0.016 0.989 £ 0.027 0.992 £ 0.014 0.986 £ 0.025 0.992 £+ 0.014 0.988 £ 0.025
0.5 < z<0.75 0.994 + 0.023 0.953 £ 0.041 0.998 £ 0.024 0.948 4= 0.045 0.995 £ 0.025 0.950 4= 0.044 0.992 £ 0.021 0.957 = 0.040

combined  0.976 £ 0.014 1.031 £ 0.027 0.985 £ 0.018 1.017 £ 0.027 0.982 £ 0.016 1.016 £ 0.028 0.979 £ 0.014 1.018 £ 0.029

TABLE II. Marginalized mean values and 68% C.L. for the 2D BAO parameters a1 and o for the ACDM, M1, M2, and M3.

pipeline, using the measured postreconstructed monopole
and quadrupole, for each redshift bin. Means and uncer-
tainties for oy and oy, marginalized over {By, B, Aj
A% A9 A2 AY, A3}, agree well with the ones found in
Ref. [60]; we collect the results in Table II. We repeat the
BAO analysis in the presence of the template with linear
oscillations (M1), logarithmic ones (M2), and a bump
(M3). The constraints on oy, « are affected in some
cases by < 20% larger uncertainties, see Table II.

For M1, the marginalized 95% confidence level (C.L.)
upper bound on the amplitude of the primordial oscilla-
tions analyzing the 2PCF is Ay, < 0.029 at z = 0.38,
Aiin < 0.024 at z = 0.51, Ay, < 0.023 at z = 0.61
on the frequency range 1.5 < wy, < 13; combining
the two nonoverlapping samples we obtain Ay, < 0.025
at 95% C.L. For M2, the marginalized 95% C.L. up-
per bound on the amplitude of the primordial oscilla-
tions is Ag < 0.048 at z = 0.38, A, < 0.023 at
z = 0.51, Ajpg < 0.047 at z = 0.61 on the frequency
range 1 < wipg < 50; combining the two nonoverlapping
samples we obtain Aj,s < 0.027 at 95% C.L. For M3, the
marginalized 95% C.L. upper bound on the amplitude
of the bump is A < 0.88 at z = 0.38, Ar < 0.92 at
z = 0.51, Alr < 0.86 at z = 0.61; combining the two
nonoverlapping samples we obtain Ajg < 0.34 at 95%

C.L. Constraints on the amplitude A, derived using
(4), depends on the details of the underlying model, in
particular on the interaction term regulating the produc-
tion of particles and the presence of a single or multiple
bursts of particles. For a simple model where the inflation
field ¢ interacts with the field x through the Lagrangian
term

2
£=—T (600" x*, (16)
we can derive constraints on the coupling ¢ thanks to
the relation Arg ~ 1.01 x 10~6¢'5/4 for a single burst
of particle production during inflation [59]. We find
for the combined sample g?> < 0.021 at 95% C.L. (for
Ag = 2.1x107Y), corresponding to a reasonable coupling
values for models with phase transition during inflation
and comparable in magnitude to the constraint obtained
from CMB data in Refs. [59, 74].

In Fig. 3, we show the comparison of the constraints on
the feature parameters for all the three models studied for
the BOSS DR12 single redshift analysis and the combined
case.

The bounds on the first two templates with oscilla-
tory features can be compared with the results inferred
from CMB anisotropy observations obtained with Planck
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FIG. 3. Marginalized joint posterior distributions of the fea-
tures parameters for M1, M2 and M3 models (from top to
bottom).

DRS3 for the same templates [2]. The frequency coverage
in the CMB analysis is wider for both templates, i.e.,
1 < wx < 10%!. On the restricted frequency range cov-
ered by our analysis, the constraints from the 2PCF are
comparable if not slightly tighter compared to the CMB
ones. Planck DR3 constraints at 95 % C.L. correspond
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FIG. 4. Marginalized joint posterior distribution of the value
of the feature parameters for M1 model (top panel) and M2
(bottom panel) obtained with the BOSS DR12 combined red-
shift bin and for the Planck DR3.

to Ajin < 0.029 (< 0.028) for TT (TTTEEE) for M1 and
Alog < 0.043 (< 0.023) for TT (TTTEEE) for M2. In
Fig. 4, we overplot the marginalized posterior distribu-
tion on the feature amplitude depending on the frequency
from our BOSS DRI12 analysis with the one obtained
from CMB Planck DR3. We are able to put tight con-
straints on some of the best-fit frequencies detected with
CMB Planck data [2] using BOSS DR12 measurements.
In particular, the best fit for M1 from TTTEEE data cor-
responding to Ay, = 0.015 and wyy, ~ 10, and the best-fit
for M2 from TT data corresponding to Aj,g = 0.024 and
wiin =~ 32 are at odds with current LSS data.

Our constraints for M1 and M2 are consistent with
the ones obtained in [45] where the same two templates
have been constrained with the isotropic power spectrum
monopole in Fourier space on the frequency ranges 5 <
wWiin < 45 and 10 < wipg < 80, finding bounds on the
features amplitude from BOSS DR12 up to a factor of
2.3 and 3.1 tighter than the ones obtained from CMB for
wiin > 10 and wiee > 20, respectively.



VI. CONCLUSIONS

In this paper, we have derived for the first time con-
straints on primordial feature in the PPS through the
galaxy two-point correlation function. We have con-
sidered undamped superimposed oscillations, and a lo-
calized bump motivated by the production of parti-
cles during inflation. Our results show that the BOSS
DR12 2PCF has the potential to achieve sensitivities
competitive to current limits from Planck DR3 CMB
anisotropies, improving the bounds on the average am-
plitude of such features and putting at odds some of the
CMB best-fit frequencies found in Planck data. The com-
plementarity between 2PCF and CMB measurements of
primordial features opens exciting synergies, as verifica-
tion of the primordial interpretation of anomalies in the
CMB temperature and polarization angular power spec-
trum, that will lead the way to new studies of the physics
of the early Universe.

Future galaxy clustering measurements, such as those
expected from DESI [75], Euclid [76], SPHEREx [77], will
significantly improve the current bounds obtained here in
different aspects. Beyond a lower shot noise and higher
redshift bins, a wider redshift volume will allow to probe
larger separation scales and therefore target even higher
frequencies for superimposed oscillations than those stud-
ied here.
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