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High resolution cosmic microwave background (CMB) experiments have allowed us to precisely
measure the CMB temperature power spectrum down to very small scales (multipole l ∼ 3000). Such
measurements at multiple frequencies enable separating the power spectrum of the primary CMB
anisotropies with the power spectrum of other signals like CMB lensing, thermal and kinematic Sunyaev-
Zel’dovich effects (tSZ and kSZ), and cosmic infrared background (CIB). In this paper, we explore another
signal of interest at these frequencies that should be present in the CMB maps: extragalactic CO molecular
rotational line emissions, which are the most widely used tracers of molecular gas in the line intensity
mapping experiments. Using the SIDES simulations adopted for top hat bandpasses at 150 and 220 GHz,
we show that the cross-correlation of the CIB with CO lines has a contribution similar to the CIB-tSZ
correlation and the kSZ power, thereby contributing a non-negligible amount to the total power at these
scales. This signal, therefore, may significantly impact the recently reported ≥ 3σ detection of the kSZ
power spectrum from the South Pole Telescope collaboration, as the contribution of the CO lines is not
considered in such analyses. Our results also provide a new way of measuring the CO power spectrum in
cross-correlation with the CIB. Finally, these results show that the CO emissions present in the CMB maps
will have to be accounted for in all the CMB auto-power spectrum and cross-correlation studies involving a
large-scale structure tracer.
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I. INTRODUCTION

Observations of the cosmic microwave background
(CMB) continue to help us understand the properties of
the Universe. A distinct advantage of CMB observations is
that different CMB anisotropies contain information com-
ing from different epochs of the Universe. For example, the
primary CMB anisotropies which show up on large angular
scales in the CMB power spectrum (l < 2000) precisely
constrain properties of the Universe around redshift
z ∼ 1100 [1]. On the other hand, secondary anisotropies
like CMB lensing, thermal and kinematic Sunyaev-
Zel’dovich effects (tSZ and kSZ) are tracers of the low
redshift Universe. They show up on relatively smaller

angular scales (l > 2000) and, as a result, are hard to
measure and disentangle. Additional sources of emission,
such as the cosmic infrared background (CIB), sometimes
dominate over these anisotropies and make these measure-
ments even more difficult. However, due to the wealth of
crucial information they contain, precisely measuring these
small-scale CMB anisotropies is a major goal of current and
future CMB experiments. This requires careful modeling of
all sources of anisotropies and emissions present at such
scales.
Fortunately, the ever-increasing sensitivity and angular

resolution of CMB experiments like Planck [2], Atacama
Cosmology Telescope (ACT) [3], South Pole Telescope
(SPT) [4], Simons Observatory (SO) [5], and CMB-S4 [6]
have brought us closer to this goal. Although foregrounds
like the CIB contaminate CMB maps near the frequencies
where the CMB dominates (∼150 GHz), they have a*amaniyar@stanford.edu
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distinct spectral shape with respect to the CMB. As a result,
an effective way to constrain different components of the
CMB map is to perform the measurement across different
frequencies and utilize this distinct spectral dependence.
These experiments have done exactly this by using their
multifrequency data to successfully separate different
individual contributions to the CMB power spectrum at
these small scales. In fact, for the first time, the latest results
from the SPT experiment measured the evasive kSZ power
spectrum at ≥ 3σ [7]. Measuring the kSZ power spectrum is
challenging due to its small amplitude and the presence of
other sources like the tSZ, and CIB [3,4,7].
The kSZ signal contains crucial information about the

reionization history of the Universe, which is otherwise
extremely difficult to obtain. The SPT’s achievement,
therefore, has paved a way for future, more sensitive
measurements of the kSZ power spectrum and, as a result,
a better understanding of the epoch of reionization. In light
of the upcoming more sensitive CMB data, it is imperative
to carefully scrutinize the current analysis methods to
perform a comprehensive study by considering all possible
sources of power at these frequencies. The authors of [7]
perform a thorough analysis of the small-scale SPT data at
95, 150, and 220 GHz. Apart from the primary CMB, they
consider the following templates and fit for them: tSZ, CIB,
CIB-tSZ cross-correlation, radio-source emission, galactic
dust, and kSZ.
In this paper, we explore another signal of interest at

these frequencies: bright CO molecular rotational line
emissions. They have garnered interest especially in the
field of line intensity mapping (LIM). LIM experiments
aim to make a statistical observation of the aggregate
emission frommany unresolved galaxies rather than aiming
to image individual galaxies directly (see [8,9] for a
review). In LIM studies, CO lines are the most widely
used tracers of molecular gas, which is a crucial interstellar
medium component. These rotational emission lines are
among the brightest in the galaxy spectra and occur at the
ladder of frequencies νJ→J−1 ¼ J × 115.27 GHz for the
J → J − 1 transitions. Different CO transitions from differ-
ent redshifts will be observed in CMB bands (∼150 GHz).
As first pointed out by [10], the CO lines should be a source
of foreground for the CMB observations. However, they
also point out that the amplitude of the CO power spectrum
goes down with the spectral resolution of the instrument;
i.e., the amplitude goes down with lower values of Δν=νobs,
where Δν is the bandwidth of the instrument at the
observed frequency νobs. As a result, for a SPT-like
instrument with Δν ≈ 50 GHz, the amplitude of different
CO lines acting as a foreground should be small [10]. For
example, according to the model used by [10] for different
CO lines, with Δν=νobs ¼ 0.2 at 70 GHz, all the CO lines
have their respective power spectrum amplitudes Dl ¼
lðlþ 1ÞCl=2π < 0.1 μK2 at l ¼ 3000. By comparison,
the smallest amplitude signal of interest in the CMB power

spectrum is the kSZ signal, and it is expected to be of the
order of Dl ∼ 1 μK2 around l ¼ 3000 [4,7]. Perhaps, for
this reason, the contribution of the CO lines to the CMB
power spectrum has been neglected so far in the analysis.
However, as shown in [11,12], predictions for CO line

power spectra from different models differ by more than an
order of magnitude. This is mainly due to our limited
knowledge of the astrophysics of the galaxies. The main
goal of this paper is to revisit this signal and compare the
amount of CO line emissions in the CMB maps to other
signals/foregrounds at small scales. Using the “simulated
infrared dusty extragalactic sky” (SIDES) simulation
[13,14], we show that CO lines have a nonzero correlation
with other signals like the CIB and tSZ. Our most important
point is that, already at the level of the current CMB data,
the total CO signal in combination with these signals is
significant. In fact, we show that the sum of the cross-
power spectra between the CIB and different CO lines can
have an amplitude similar to that of the currently estimated
kSZ power spectrum level. This result, therefore, paves a
new way to measure the CO signal from the CMB data. It
may also have a major impact on the potential measurement
of the kSZ power spectrum. Our result thus motivates
including such signals in all future small-scale CMB data
analyses.
The paper is organized as follows. We first present in

Sec. II the SIDES simulations used to produce, in a
consistent way and for the first time, the CO (total and
individual lines), CIB, and tSZ maps. The maps are then
used to compute the autospectra and cross spectra of these
components, which are discussed in Sec. III. This section
reveals that the CIB-CO correlation is a bright foreground
component (i) that has to be considered to revisit the kSZ
measurements (Sec. IVA), (ii) that can be used to probe the
CO signal (Sec. IV B), and (iii) that has to be included in
any cross-correlation analysis (Sec. IV C). The conclusion
is given in Sec. V. We also discuss in the Appendix the
contribution of the different rotational CO lines to their
cross-correlation with tSZ and CIB.

II. MAPS FROM SIDES SIMULATIONS

SIDES (simulated infrared dusty extragalactic sky) is a
publicly available1 simulation of the far-infrared (FIR) and
submillimeter sky based on observed empirical relations
[13,14]. A detailed description of the simulation is given in
[13–15]. We provide a brief description of the model in the
following sections.

A. Continuum emission from dusty star-forming
galaxies in SIDES

The starting point of SIDES is a dark matter light cone,
which is given by the Uchuu N-body simulation [16].

1https://gitlab.lam.fr/mbethermin/sides-public-release.
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This cosmological simulation achieves both a high
mass resolution (3.27 × 108M⊙ h−1) and a large como-
ving volume [with a comoving side-length box of
2000 Mpc h−1] between 0 < z < 7. The dark matter halos
are populated with galaxies of certain stellar mass through
abundance matching. The generated galaxies are then
split into passive and star forming with a probability
determined by observations [17]. It is assumed that only
the star-forming galaxies emit in the FIR and millimeter, so
only these types of galaxies need to be assigned with a star
formation rate (SFR) value. The SFR values of the main
sequence and starburst galaxies are drawn accordingly
based on the parametrized fit of the SFR-Mstellar relation
described in [18] taking into account a scatter of 0.3 dex.
The LIR of each galaxy is subsequently defined by the
drawn SFR value using the Kennicutt conversion factor
(1.0 × 10−10M⊙L−1

⊙ yr−1) [19]. The LIR normalizes the
spectral energy distribution (SED) of the galaxy. The shape
of the SED depends on the galaxy type (main sequence
or starburst) and on the mean intensity of the radiation
field (hUi), which is correlated to the temperature of the
dust [13,20,21].

B. CO lines in SIDES

SIDES also simulates the emission of the strongest high-
redshift (sub)millimeter lines such as [CII], CO, and [CI]
[14]. In this work, we focus only on the COmolecular lines.
However, other high redshift lines like [CI] are potentially
present in the CMB maps as well and should be studied
similarly. For CO, the fundamental transition is modeled in
SIDES from the LIR − L0

COð1−0Þ correlation [22] for the

main sequence galaxies, while for the starburst systems
there is an offset of −0.46 dex for LIR at a given L0

COð1−0Þ.
The flux of the other CO transitions is computed using a
clumpy and diffuse spectral line energy distribution
(SLED) template from [23] and following the empirical
relation presented in [24] which connects the flux ratio of
CO(5-4) and CO(2-1) transitions with the mean intensity of
the radiation field hUi.

C. Astrophysical models for tSZ
from SIDES halos

We apply a semianalytic prescription for the thermal
Sunyaev-Zel’dovich (tSZ) effect closely following [25], in
which we paste gas pressure profiles obtained from detailed
hydrodynamic simulations onto the halo catalog obtained
from the Uchuu N-body simulation, i.e., as in [26–28]. The
tSZ induces a spectral distortion in CMB photons propor-
tional to the line-of-sight integral of the ratio of electron
thermal and rest energies,

ΔTðνÞ ¼ TCMBfðxÞ
Z

ne
kBTe

mec2
σTdl≡ TCMBfðxÞy: ð1Þ

Here x ¼ hν=kBTCMB and the frequency dependence
relative to the CMB blackbody in the nonrelativistic
limit is

fðxÞ ¼
�
x
ex þ 1

ex − 1
− 4

�
: ð2Þ

The evolution of cluster gas is governed by the physics of
star formation and Active Galactic Nuclei (AGN) feedback,
and as in [25] we include these effects through a parametric
model for the radial cluster pressure profile based on halo
mass and redshift, calibrated from detailed hydrodynamic
simulations [29]. We apply the profile with parameters from
Table 1 of [29] corresponding to AGN feedback Δ ¼ 200.
These are implemented in a publicly available script using
the package XGPaint.JL.2

D. Why use SIDES?

The SIDES model is in very good agreement with all
the observations we can find for dusty star-forming
galaxies in the whole redshift range of SIDES
(0 < z < 7). In addition, the model also reproduces more
general quantities, such as the stellar mass function, the
evolution of specific star formation rate (sSFR) [13]. For
the purpose of this paper (CO and CIB), the specific
observations SIDES reproduces include:

(i) the CO line luminosity functions that are observed
in the redshift range 1 < z < 3.4 (Figs. 5 and 6
of [15]);

(ii) the measurement of the shot noise level of the CO
emission at 3 mm (Fig. 18 of [14]);

(iii) the power spectra of the CIB anisotropies (Figs. 3
and 4 of [15]);

(iv) the number counts from Spitzer, Herschel and
(sub)millimeter experiments (e.g. SCUBA2,
ALMA), galaxy redshift distributions, number
counts per redshift slice and P(D) from SPIRE/
Herschel [13];

(v) the obscured star formation rate density (SFRD)
measurements up to z ¼ 4 (Fig. 3 of [14]). Notice
that the observational constraints at z > 4 are very
dispersed.

For tSZ, as discussed in the next section, the power
spectrum from our simulation is compatible (within 1σ)
with the recent measurements.
Thus SIDES produces consistent CIB, CO maps, and

tSZ maps, both for their emission signals and clustering
properties on ∼120 square degrees. It is then easy to
compute the cross-power spectra to estimate their contri-
bution to the small-scale CMB anisotropy measurements.
These are the first such simulations consistently containing
all these components.

2https://github.com/xzackli/tsz_sides.
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III. RESULTS

A. Comparison between different foreground
power spectra

In this work, we simulate all the components as they
would be observed using the SPT telescope. For the CIB
emission, we bandpass the galaxy SEDs with SPT-SZ
filters at 150 and 220 GHz. On the other hand, to go from
frequency independent y map to the tSZ emission corre-
sponding to the 150 and 220 GHz SPT-SZ bandpass, we
multiply it by the numbers provided in Table A3 of [30]
(which are −0.416 and 9.44, respectively). To generate the
CO emission maps, rather than using the SPT-SZ measured
bandpasses (which is time consuming), we use top hats,
centered at 150 and 220 GHz with spectral bandwidth of
Δν ¼ 50 GHz, i.e. they have uniform spectral response
between 125–175 and 195–245 GHz, respectively. The
bandwidth is consistent with the observed bandpasses.
Using SIDES, we can therefore simulate the CO cubes
(centered at 150 and 220 GHz with a spectral width of
Δν¼ 50GHz) and use these cubes directly for the analysis.
We checked on a 2 Square degrees (Sq. Deg.) simulated
patch using the measured 150 GHz SPT-SZ bandpass that
this approximation has no impact on the CO power spectra.
In this section, we present the power spectra of these signal
maps and their cross-correlations. It is important to note in
our model that the CIB maps include all components of
dusty star-forming galaxies, i.e. one-halo and two-halo
terms (usually called CIB), and shot noise. We also do not
implement any flux cut in our CIB maps.
First, we verify that our tSZ profile painting method on

the dark matter halos works correctly. For this, we plot
the frequency-independent power spectrum of our tSZ
maps and compare it with the corresponding Planck
[2,31], SPT [7], and ACT [32] data in Fig. 1 in a
dashed black curve. We can see that on the relevant small
scales here, the tSZ power spectrum from our maps is
higher than the measured values. Because of its mass
weighting, the tSZ power spectrum is very sensitive to
Poisson fluctuations [33]. The high signal seen here is
because of the sample variance due to the small volume
of our simulation (∼120 square degrees). After removing
halos more massive than 5 × 1014M⊙, we get a tSZ
power spectrum more compatible with the observations
(solid black line).3 Therefore, we use this catalog with 40
halos 5 × 1014M⊙ removed. We have checked that this
choice has a insignificant impact on the CIB and CO
power spectra as most of the CIB and CO emission
comes from halos with masses between 1012–1013M⊙
[35]. We then proceed to calculate the autospectra and
cross-power spectra of the CIB, tSZ, and CO lines. This
is shown in Fig. 2 where we plot the power spectrum of

all the signals at 150 and 220 GHz in the left and right
panels, respectively, for SPT. Please note that the “Radio”
and “kSZ” power spectra which we do not simulate here
are taken from the SPT results from [7]. As expected, the
CIB anisotropy power spectrum (shown in blue and
including the shot noise) dominates over other signals
on such small scales with an amplitude of DCIB

3000 ∼
17 μK2 at 150 GHz. The next dominant component at
150 GHz is the tSZ power spectrum (violet) with
DtSZ

3000 ∼ 6.15 μK2. Since both the CIB and tSZ are
excellent tracers of the large-scale structure (LSS) of
the Universe, they are expected to be correlated [35].
This is exactly what we find here with the CIB-tSZ cross-
correlation (pink) amplitude DtSZ×CIB

3000 ∼ −2.10 μK2 at
150 GHz. We plot the absolute value of the CIB-tSZ
cross-correlation since it is negative at 150 GHz. It is
worth noting that the SPT collaboration reported the
corresponding values for the total CIB, tSZ, and CIB-tSZ
power spectra to be D3000 ∼ 12; 3.42;−0.9 μK2 respec-
tively for 150 GHz. At 220 GHz, we get a CIB power
spectrum amplitude of 115 μK2 where the SPT collabo-
ration finds a value of 121.3 μK2. As expected, since the
220 GHz channel is at the center of tSZ null, both the
tSZ and its cross-power spectrum with the CIB is
negligible. Our results are therefore comparable with
the SPT results.
Although we present our results for 150 and 220 GHz

SPT channels here, similar analysis can be carried out at
95 GHz channel as well as for the cross-power spectra
between all these frequencies.

FIG. 1. tSZ (y) power spectrum from SIDES catalog (black)
along with data from Planck [2,31] (blue and orange), SPT [7]
(green), and ACT [32] (red) experiments after removing 40 halos
massive than 5 × 1014M⊙. With this choice, the power spectrum
from our simulation is compatible with these measurements for
l > 400, i.e. in the range of scales of interest. If these halos are
not removed, tSZ power spectrum amplitude from our simula-
tions is much higher than the observations. This is due to the
sample variance caused by the small volume of our simulations.

3The code used to produce this tSZ map has been extensively
tested including reproducing the Websky [34] simulations.
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B. CO lines and their cross-correlations

Here we discuss the power spectrum of the CO lines
and their cross-correlations with other signals. Instead of
showing the individual CO(J → J − 1) lines, in Fig. 2,
we plot the sum of their power spectra for clarity. As
can be seen, at l ¼ 3000 the sum of all the CO line
power spectra, shown in blue, is DCO;total

3000 ∼ 0.08 μK2 at
150 GHz. In comparison to the other signals, CO power
spectrum is at least an order of magnitude smaller at
150 GHz. For 220 GHz, we find that the total CO power
spectrum has the same amplitude as that of the radio
component. However, at l ¼ 3000, they are both much
smaller than the CIB and kSZ power. This therefore
supports the previous CMB power spectrum analysis
studies which did not account for the presence of the
CO lines in the CMB maps.
However, things get interesting when we consider the

cross-correlations between CO and the CIB and tSZ. CO
lines are tracers of star-forming galaxies (and hence the
LSS) similar to the CIB. They are therefore expected to be
correlated with the CIB and tSZ. This is exactly what we
find. For the CIB-CO cross-power spectrum, we get
DCIB×CO;total

3000 ∼ 0.89 μK2 at 150 GHz. The CIB-CO
cross-correlation has therefore similar power as (absolute)
CIB-tSZ cross-correlation at 150 GHz. On the other hand,
we get DCIB×CO;total

3000 ∼ 3.20 μK2 at 220 GHz making it the
biggest signal after the CIB. This shows that although we

can neglect the auto-power spectrum of different CO lines
due to their very small amplitude, their cross-correlation
with the CIB can be large and significant already for the
current data.
On the other hand, although the tSZ signal is quite

large on these scales, we find that the cross-correlation
between the tSZ and CO lines is small and not as
important as the CIB-CO correlation. This is expected at
220 GHz where the tSZ signal is itself negligible. At
150 GHz, its amplitude DtSZ×CO;total

3000 ∼ −0.18 μK2 is
similar to the total CO power spectrum. In order to
understand this, we explore the origin of the tSZ power.
Similar to [36], we plot the fractional tSZ power for halos
with mass > M200 and redshift < z, from 10%–90% of
the total power spectrum from our simulation in Fig. 3.
This plot shows that the majority of the tSZ power
(∼70%) comes from massive halos (M200 > 1013M⊙) at
low redshifts (z < 1).
As we precisely know the rest frame frequency of

different COðJ → J − 1Þ transitions, we can determine
their redshift distribution within the SPT bandpass. Since
we have created our CO maps assuming a spectral
bandwidth of Δν ¼ 50 centered at 150 GHz, we have
different CO lines at various redshifts which fall within the
observed frequencies of 130 < ν < 170 GHz. This means
that COð1 → 0Þ with the rest frame frequency of
115.27 GHz does not show up in our maps. In fact, apart
from COð2 → 1Þ transitions from 0.35 < z < 0.75, the rest

FIG. 2. Power spectrum (absolute value) of different components of the SIDES simulation for SPT 150 and 220 GHz channels.
The curves for kSZ and radio components have been taken from [7]. The CIB-labeled curves include CIB and Poisson. As can be seen,
CIB-CO cross-correlation is quite significant at both frequencies. In fact, at 220 GHz, CIB-CO correlation is the second most important
signal after the CIB.
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of the CO lines in our map are from higher redshifts
(z > 1). In Fig. 4, we show the power spectra of individual
CO lines from our maps. As we can see, at l ¼ 3000, the
COð5 → 4Þ line (2.4 < z < 3.4) has the highest power
followed by COð4 → 3Þ line (1.7 < z < 2.5), COð2 → 1Þ
line ð0.35 < z < 0.75Þ, and COð3→ 2Þ line (1.0< z< 1.7)
which have almost the same power. Therefore, most of the
CO power comes from redshifts z > 1. All of these factors
help us understand the smaller amplitude of the tSZ-CO
cross-correlation compared to the CIB-CO cross-correla-
tion for the SPT 150 GHz channel.
In the Appendix, we show the cross-correlation of

individual CO lines with the CIB and tSZ in Figs. 5 and 6,
respectively, and discuss their implications.

IV. IMPLICATIONS OF THIS NEW FOREGROUND

A. Implications for kSZ measurements

Measuring the kSZ power spectrum from the data is
an important goal for the current and upcoming CMB
experiments. The SPT collaboration has performed multi-
component analyses of the small scale CMB power
spectrum accounting for different foregrounds [4,7]. In
fact, their recent analysis reported a first measurement of
the kSZ power at ≥ 3σ with a value of DkSZ

3000 ¼ 3.0�
1.0 μK2 (Fig. 2). They also show that the kSZ power is
degenerate with the corresponding tSZ and CIB-tSZ

FIG. 3. Two-dimension contour plot showing the fraction (10%
to 90%) of the total tSZ power at l ¼ 3000 as a function of
different mass and redshift ranges. This shows that the majority
(∼70%) of the tSZ power is sourced by massive halos M200 >
1013M⊙ at low redshifts z < 1.

FIG. 4. Power spectra of individual CO lines observed in the
SPT 150 GHz maps. Most of the power comes from the different
CO lines between 1 < z < 3.5.

FIG. 5. Cross-power spectra of individual CO lines with the
CIB at 150 GHz.

FIG. 6. Cross-power spectra of individual CO lines with the tSZ
at 150 GHz.
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cross-correlation power, respectively. In this analysis,
they do not account for the presence of CO lines in the
SPT maps. As shown in Sec. III B, the total auto-power
spectrum of the CO lines is an order of magnitude smaller
(∼0.1 μK2) than the expected kSZ power spectrum
(∼1 μK2), so this should not affect the results. However,
here we have shown that the cross-correlation of the CIB
with CO lines has an amplitude similar to the kSZ and CIB-
tSZ cross-correlation. Looking only at the 150 GHz, a
significant (negative) cross-correlation between the tSZ and
CO lines could have resulted in a fortuitous cancellation of
the CIB-CO correlation, which is not the case here. This is a
very important result and motivates current and future
analyses to include this CIB-CO correlation component.
Since this new signal has almost the same power as the

kSZ, it may significantly bring down the measured kSZ
power. On the other hand, the shape of this CIB-CO
correlation seems similar to the other signals such as the
CIB and CIB-tSZ correlation. This is different than the kSZ
which is mostly flat on these scales. It is thus possible that
without affecting the kSZ power, this new signal may
change values of the CIB and CIB-tSZ correlation (but also
other components as radio). Without performing a thorough
multicomponent analysis, it is therefore not possible to say
whether this will decrease the amount or signal-to-noise
ratio of the kSZ power detected by the SPT team. In an
upcoming paper, we will perform such an analysis to
determine the impact of CIB-CO correlations on kSZ
power spectrum.

B. CO as a signal

CO(J → J − 1) molecular line emissions are among
the brightest lines in the galaxy spectra. Their measure-
ments can be used to estimate the amount of gas mass
and star formation rate in galaxies [9]. They also act as a
proxy for cosmic molecular gas history. Thus CO lines
are one of the prime targets of some of the current and
upcoming LIM surveys. Recently, [12,37] reported a 2σ
and 4σ detection of the shot-noise component of the CO
power spectrum. However, to date, there has been no
detection of the clustering component of the CO power
spectrum. As we showed in the previous section, the
CIB-CO correlation acts as a significant signal in the
small-scale CMB data. Thus, those data can be poten-
tially used to measure the CIB-CO cross-correlation
signal for the first time.
As mentioned in Sec. I, predictions for CO power spectra

can vary by a large amount between different models. Such
a measurement will therefore not only help in ruling out
some existing models but also constrain the parameter
space of the most promising models. This will, in turn,
enable us to draw conclusions on, e.g., the cosmic
molecular gas history. As several CO lines from different
redshifts show up at different frequencies in the CMB
maps, measuring this amplitude across these frequency

channels has the potential to break some potential degen-
eracies in the models.

C. Implications for studies involving cross-correlations

In view of the high quality data from the current and
upcoming cosmological experiments, cross-correlations of
different tracers of the LSS have emerged as a powerful tool
to get rid of different biases and isolate signals of interest. All
such analyses involving small-scale CMB information will
be affected by this new signal. One example is the so-called
projected-field estimator to detect the kSZ signal [38]. It
involves squaring theCMBmap and cross-correlating it with
a LSS tracer or in general measuring the hTTδi three-point
function whereT is the CMB data and δ is a LSS tracer. Such
analyses will be affected by the CO lines present in the CMB
maps as they will cross-correlate with the LSS tracer and
CIB, and therefore act as a source of bias [as hCO − CO − δi
and hCO − CIB − δi] terms to the kSZ signal if not properly
accounted for. In fact, this could be one of the components
responsible for an unexplained excess kSZ amplitude
observed by [39] using this estimator.
Cross-correlation of the CMB lensing with other LSS

tracers is a powerful probe of cosmology. Reconstruction of
the lensing field from the CMB data has conventionally
been performed with quadratic estimators [40]. Similar to
the projected-field estimators, this reconstruction also
involves multiplying two CMB maps. Thus, cross-corre-
lation of the CMB lensing with LSS tracers will be affected
by terms like hCO − CO − δi and hCO − CIB − δi when
the lensing maps are constructed with quadratic estimators
from data dominated by temperature rather than polariza-
tion. It has also been shown by [41] that the bispectrum of
the CMB lensing field can lead to a biased estimate of the
CMB lensing power spectrum if standard quadratic estima-
tors are used. Such so-called N(3=2) bias propagates into
cross-correlations of the CMB lensing with LSS tracers and
it is expected to be detected at high significance with the
future data. Therefore with the more precise CMB experi-
ments, CO emission from galaxies must be accounted for in
all such cross-correlation analyses.

V. CONCLUSION

As high-resolution CMB data keeps on getting more
precise with the current and upcoming experiments, this
presents us with an exciting opportunity to perform a wide
range of analyses. In order to best utilize this rich data, it is
therefore crucial to understand and account for all the
sources contributing at these millimeter frequencies. In this
paper, we study the extragalactic CO molecular emission
lines in such a context, which traditionally have been
neglected in past analyses.
Since the CMB experiments use broadband filters, we

thus expect different CO lines from several redshifts to fall
within these bands. Using the SIDES simulations, we
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prepare a map containing the CIB, tSZ, and CO lines as
observed by the SPT telescope at 150 and 220 GHz. These
are the first such simulations consistently containing all
these components. We show that our predictions of the
CIB, tSZ power spectra, and their cross-correlations match
the observations. We show that the power spectrum of the
CO lines is an order of magnitude smaller than the other
foregrounds. Their contribution to the total power spectrum
at these scales is thus negligible. However, we then go on to
show that the cross-correlation of the CIB with CO lines
has a contribution similar to the CIB-tSZ correlation and
the kSZ power spectrum. It therefore contributes a non-
negligible amount to the total power at these scales. This is
the main result of this paper. We also show that, unlike the
CIB-CO, the tSZ-CO correlation is not as strong at
150 GHz. This is due to the difference in the redshift
and halo masses of the sources contributing to these two
signals. Similar arguments are expected to hold at 95 GHz
as well which is the other main CMB channel.
Our result is of special significance in light of the

recently reported first-ever > 3σ detection of the kSZ
power spectrum by [7]. This result is quite important as
kSZ measurements and their interrogations promise to shed
light on the reionization of the Universe. They perform this
measurement of the kSZ accounting for the presence of
several other foregrounds like the CIB, tSZ, and radio
emission. However, they do not account for the CO lines
and their cross-correlations with the CIB which we show
here have an amplitude similar to the kSZ power spectrum.
As discussed in Sec. IVA, our results call for a more careful
analysis of the data accounting for CIB-CO cross-correla-
tions, which may have a significant impact on the kSZ
measurements.
Our results also show that theCO lines present in theCMB

maps will be crucial for all the small scale CMB auto-power
spectrum and cross-correlation studies involving a LSS
tracer. Upcoming CMB experiments aim to use small scale
CMB measurements to constrain a diverse range of physics
including precision constraints on the ΛCDM model to
neutrino mass to decaying dark matter [e.g. [6] ]. The
signatures of many of these processes are very subtle and
a preeminent challenge is mitigating possible biases. Not
modeling the CO lines risks their power being incorrectly
attributed to novel physics. Hence, including the CO lines in
these analyses is essential to avoid any potential biases.
In an upcoming paper, we will perform a comprehensive

study of the small-scale CMB power spectrum with all
these foregrounds. This analysis will not only determine the
impact of CIB-CO correlations on kSZ power spectrum
measurements but will also provide us with the first CIB-
CO cross-correlation measurement from the CMB maps.
This measurement will help us constrain the star formation

history of the Universe as both the CIB and CO trace star-
forming galaxies within our Universe.
Finally, in this paper, we solely focused on the extra-

galactic CO molecular lines. There are other lines like [CI]
contributing to the millimeter sky [14]. As the data quality
keeps on getting better, we might have to look beyond CO
lines and also account for other lines like [CI].
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APPENDIX: CORRELATIONS OF INDIVIDUAL
CO LINES WITH FOREGROUNDS

Figure 5 shows the cross-power spectra between differ-
ent CO lines and the CIB at 150 GHz. The correlation
is highest for the COð5 → 4Þ line from 2.4 < z < 3.4. This
is followed by COð4 → 3Þ and COð3 → 2Þ lines. This is
similar to the individual CO line power spectra plotted in
Fig. 4. However, in Fig. 4, COð2 → 1Þ has the same
amplitude as that of COð3 → 2Þ which is not the case
here where the CIB-COð3 → 2Þ correlation is much higher
than CIB-COð2 → 1Þ. This can be explained as follows. As
the CIB is traced by star-forming galaxies, the bulk of the
CIB emission comes from the epoch when the star
formation in the Universe peaked between 1 < z < 3
[42]. Also, the CIB has this peculiar property that low
frequency CIB maps trace galaxies at higher redshifts and
vice versa. This also explains higher correlation of the CIB
with the COð3 → 2Þ line than COð2 → 1Þ.
On the other hand, as can be seen from Fig. 6, this is not

the case for tSZ-CO correlations. Although the COð5 → 4Þ
line has the highest auto-power spectrum at 150 GHz, tSZ
has the highest correlation with the COð2 → 1Þ line
originating between 0.4 < z < 0.8. As explained in
Sec. III B, this is due to the low redshift origin of most
of the tSZ power. In fact, we can see from Fig. 3 that most
of the tSZ power comes from massive halos at low redshifts
(z < 1). Therefore, as the higher CO transition lines trace
higher redshifts, their correlation with the tSZ keeps going
down as well.
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Lapi, Astron. Astrophys. 607, A89 (2017).
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