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ABSTRACT: We discuss the model of astrophysical emission at millimeter wavelengths used
to characterize foregrounds in the multi-frequency power spectra of the Atacama Cosmology
Telescope (ACT) Data Release 6 (DR6), expanding on Louis et al. (2025) (arXiv:2503.14452).
We detail several tests to validate the capability of the DR6 parametric foreground model to
describe current observations and complex simulations, and show that cosmological parameter
constraints are robust against model extensions and variations. We demonstrate consistency
of the model with pre-DR6 ACT data and observations from Planck and the South Pole
Telescope. We evaluate the implications of using different foreground templates and extending
the model with new components and/or free parameters. In all scenarios, the DR6 ACDM and
ACDM+ Ngg cosmological parameters shift by less than 0.5¢ relative to the baseline constraints.
Some foreground parameters shift more; we estimate their systematic uncertainties associated
with modeling choices. From our constraint on the kinematic Sunyaev-Zel’dovich power,
we obtain a conservative limit on the duration of reionization of Az < 4.4, assuming a
reionization midpoint consistent with optical depth measurements and a minimal low-redshift
contribution, with varying assumptions for this component leading to tighter limits. Finally,
we analyze realistic non-Gaussian, correlated microwave sky simulations containing Galactic
and extragalactic foreground fields, built independently of the DR6 parametric foreground
model. Processing these simulations through the DR6 power spectrum and likelihood pipeline,
we recover the input cosmological parameters of the underlying cosmic microwave background
field, a new demonstration for small-scale CMB analysis. These tests validate the robustness
of the ACT DR6 foreground model and cosmological parameter constraints.
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1 Introduction

Observations of the cosmic microwave background (CMB) temperature and polarization
anisotropy are of paramount importance to establishing a robust description of early universie
cosmology [e.g., 1-4]. Constraints are predominantly derived via fitting models to the multi-
frequency auto- and cross-power spectra of polarized microwave sky maps. Parameters
describing these models are fit using Bayesian techniques, e.g., using Markov Chain Monte
Carlo (MCMC) methods to draw samples from the parameter posterior distributions, usually
under the assumption of a Gaussian likelihood for the data on intermediate and small scales.
These multi-frequency power spectra are composed of contributions from the blackbody
CMB — which contains the cosmological information of interest — and various foreground
fields. Such analyses thus require models for the foreground components’ power spectra,
with associated free parameters that must be inferred from the data themselves, due to the
lack of exact knowledge regarding the foregrounds’ amplitude, spectral dependence, and
angular scale dependence.

These foregrounds include both Galactic and extragalactic fields, with Galactic fore-
grounds predominantly affecting large scales, and extragalactic foregrounds predominantly
affecting small scales. Galactic foregrounds include thermal dust, synchrotron, free-free,
and anomalous microwave emission. Extragalactic foregrounds include the thermal and
kinematic Sunyaev—Zel’dovich effects, the cosmic infrared background (CIB), and radio point
source emission. Recent studies have also shown that extragalactic CO emission may also
be non-negligible on small scales at relevant frequencies [5-7]. Past works have developed
analytic models for several of these foregrounds [e.g., 3, 8-16]. In addition, simulations of
these foregrounds have been developed and calibrated to data, such as the PySM Galactic
foreground simulation suite [17, 18]; the AGORA [19] and WebSky [20] CMB and extragalactic
foreground simulation suites; and the Planck Sky Model [21, 22].

The Atacama Cosmology Telescope (ACT) Data Release 6 (DR6) provides some of the
tightest constraints on cosmological parameters to date. [23] (hereafter N25), [1] (hereafter
L25), and [24] (hereafter C25) describe the DR6 maps, power spectra and cosmological
parameter constraints in the ACDM and extended models. Given the high sensitivity of the
ACT DR6 data, particularly to the small-scale power spectra, it is essential to validate the
robustness and flexibility of the DR6 foreground model using existing data, state-of-the-art
simulations, and ultimately the DR6 data themselves, in order to ensure the robustness of
the DR6 cosmological parameter constraints.

The primary goal of this paper is to fully describe and validate the foreground model
for the ACT DR6 multi-frequency auto- and cross-power spectra presented in L25. This
model is used in the multi-frequency likelihood MF1ike! employed in the DR6 cosmological

1act_er_mflike7 version 1.0.0.
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parameter analyses, as well as in the extraction of the “CMB-only” (foreground-marginalized)
ACT-lite? likelihood (L25, C25).

The paper is organized as follows. In section 2 the foreground power spectrum models
used in the DR6 likelihood are described. In section 3 consistency of the DR6 foreground
models with existing data, including pre-DR6 ACT, Planck, and South Pole Telescope (SPT)
observations, is shown. In section 4 various modifications to the baseline foreground model
from 125 are discussed, showing that the DR6 ACDM cosmological parameter constraints
are robust to these changes. Such tests are also repeated with the ACDM+ Nog extended
cosmological model. In section 5 we describe realistic microwave sky simulations that include
all non-negligible sky components, with non-Gaussian structures and correlations amongst the
components, and in section 6 we show that the DR6 foreground models are flexible enough
to recover the input cosmological parameters in these simulations with no significant biases
at the current sensitivity of the data. We conclude in section 7.

In general, we quote parameter results with two significant figures on the error bar, though
we later discuss uncertainty on the uncertainty. To derive parameter constraints, we run
MCMC chains using cobaya [25], computing theoretical predictions up to £pax = 9000. We
ensure convergence by requiring the Gelman-Rubin statistic R —1 fall below 0.01. The MCMC
chains are analyzed and posterior distributions are plotted using the GetDist package [26],
after discarding the first 30% of samples as burn-in.

2 Modeling of foreground power spectra

The ACT DR6 foreground model was originally introduced in L25. In this section, we provide
a more detailed description of that model as well as model extensions initially explored
in L25. For completeness, here we also briefly summarize the likelihood and modeling
framework used in L25.

The cosmological likelihood (up to an additive constant) used for the ACT DR6 power
spectrum analysis is a Gaussian likelihood describing the multi-frequency auto- and cross-
power spectra:

—9Inl = (Dth _ Ddata)T 271 (Dth o Ddata) ) (21)

Several ingredients come into the computation of this likelihood, which is simply L =
exp(—x2/2): D is the model vector, ordered to match the data vector D%, The difference
between the two is weighted by the inverse covariance matrix 31, described in detail in L25
and in [27]. The assumptions that come into the construction of D*! are the focus of this work.
Following [9] and [11] — and as summarized in L25 — the total theory model for the
cross-power spectrum between observable X C {T, E} at frequency v; and observable Y
at frequency v; is given by:
D;h’Xin — f(g‘; 1)Czh’Xin _ D?MB,XY n DEFG,Xin7 (2.2)
capturing the fact that observed anisotropies of the temperature and polarization fields receive,
in addition to the primary CMB, contributions from Galactic and extragalactic foregrounds,

2DR6-ACT-1ite, version 1.0.1.
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where the latter also include secondary anisotropies of the CMB itself. The conventional
conversion to Dy yields the power per logarithmic interval in £. The DR6 baseline model
for DEG’XY follows [11] and [9], with some minor extensions. In this section, we describe in
greater detail the different components of the model from L25, and the various extensions
that we test (in L25 and in more detail here), some of which are ultimately included in
the baseline DR6 foreground model in L25.

The likelihood is implemented in the MFLike? software developed for the Simons Observa-
tory, and the fgspectra® software is used to produce the foreground model spectra. To allow
for faster sampling of the cosmological parameters, this work uses high-accuracy emulators
throughout for CAMB [28] introduced in [29] to compute the lensed CMB power spectra,
DZCMB’XY, which L25 did not.> Unless otherwise stated, we vary the cosmological (and
instrumental systematics) parameters along with the ones describing the foregrounds, with
the theoretical settings and model assumptions described in 125 and C25. We consider two
cosmological models, ACDM and ACDM+ N,g, to explore the baseline ACT DR6 cosmology
and a model testing new physics operating on small scales, respectively. The cosmological
parameter set to describe these models includes the physical baryon and dark matter densities,
Qph? and Q.h2, the amplitude and spectral index of primordial scalar perturbations, As and
ns, both defined at a pivot scale kg = 0.05 Mpc—!, the Hubble constant, Hy, the optical
depth to reionization, 7, and the effective number of relativistic species Nqg, which is fixed
to 3.044 in ACDM and free to vary in ACDM+ N.g. We assume three neutrino species, with
two massless and one with mass 0.06eV. For the optical depth to reionization, 7, in the
ACDM model we impose a prior 7 = 0.0566 £ 0.0058, based on the Planck Sroll2 low-E
likelihood [30]. For analysis of the ACDM+ Neg model, we add the full Srol12 likelihood
along with the DR6 likelihood to constrain 7.

2.1 Formalism

Each component cross-power spectrum that contributes to DEG’XY is modeled in the following

schematic form:

D = LU o). 23)

The multipole dependence of the power spectrum, D?(Vo), is normalized to unity at
a reference frequency vy and angular scale ¢y. Unless otherwise stated, ¢y, = 3000 and
vy = 150 GHz are used. This fiducial power spectrum is then multiplied by an overall
amplitude a and scaled by a factor f(v) for each component as shown in equation (2.3).
The frequency dependence of the specific intensity of each astrophysical source, 61, is
determined by its spectral energy distribution (SED). Each function f(v) is expressed in
temperature units (Kcyp) referenced to fluctuations in the intensity of the CMB radiation

3LAT_MFLike, version 1.0.0.

4fgspectra, version 1.3.0.

5The Einstein-Boltzmann codes used in L25 and C25 are described in those works; validation of the primary
theory codes (CAMB, CLASS, and emulators thereof) can be found in appendix A of C25.
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via the derivative of the blackbody spectrum as follows:

61, = g Y (v) f(v) with (2.4)
_ 0B, (T)
1 _ v
g V)= —FF7— >
( ) or T=TcmB
_ Qk%TgMB xle”
2h2 (e7 — 1)27

(2.5)

where we have defined = = hv/kgTcvp. Here h is Planck’s constant, kp is the Boltzmann
constant, and Toump is the CMB temperature of 2.726 K [31].

2.2 Passband integration and beam chromaticity

The power spectra above describe the contribution at a single, specific frequency, whereas
the DR6 array-bands are sensitive to broader frequency ranges, described by their bandpass
transmission functions 7¢(v) (here, o indexes the array-bands: {090, f150, £220, where the
three digits indicate the approximate observing band central frequency in GHz; see N25). Each
component then has its frequency response integrated over the passbands to properly account
for the variations of f(v) across 7%(v). Foregrounds are not the only signals that vary across
the passbands; the beams also have a frequency dependence, referred to as beam chromaticity.
Following [32], chromatic beam window functions b§(v) are included to account for this
effect. As shown in 125, the modeled power spectrum for a given foreground component c,
accounting for beam chromaticity and integrated over the passbands, is computed via

X.Y, ~ ~ X,Y;
DY = / v,y BE (v) BY (v;) D (2.6)

where B$(v) are the normalized passbands, defined by:°

B @)
BEW) = T g e 2 27

Beam errors are included directly in the covariance matrix, allowing us to marginalize
the constraints over the uncertainty in the measurement of the beam [33].

Finally, uncertainties are allowed in the determination of the passbands 7%(v). As in
125, we assume these errors can be well approximated by an effective frequency shift of the
whole passband by a fixed value AS: 7¢(v) — 7% (v + A%). For simplicity, it is assumed
that the bandpass shifts cause only higher-order corrections to the beams, which are ignored
(b3 (v + AY) = b3 (v)). Further details on this formalism and its implementation in MFLike
can be found in [32].

2.3 Sunyaev-Zel’dovich effects

The Sunyaev-Zel’dovich (SZ) effect is a secondary anisotropy of the CMB caused by the
Compton (or inverse-Compton) scattering of CMB photons off free electrons in the late-time
universe [34]. This effect includes two main components (with other, smaller contributions

5The passbands 7 are reported as the averaged detector response to a source with a Rayleigh-Jeans (%)
spectrum. The v~ 2 factor is included to correct for the source spectrum.



that are neglected): (i) the thermal SZ (tSZ) effect refers to the scattering of CMB photons off
hot electrons and is particularly abundant in galaxy groups and clusters; (ii) the kinematic SZ
(kSZ) effect refers to the Doppler boosting of CMB photons as they scatter off free electrons
moving with a non-zero velocity along the line-of-sight. The kSZ signal can be further
decomposed into contributions arising from bulk flows of newly-ionized electrons during the
reionization epoch (reionization kSZ) and contributions generated by scattering off electrons
in the ionized gas around and in between galaxies in the low-redshift universe (late-time kSZ).
The ACT DR6 tSZ power spectrum is modeled as follows:
157 V ]atsz Jesz(vi) fesz(v)

T,T;
D, = aisyD
¢, tSZ tSZL¢ 0, 2
0 ftSZ(VO)

where DZSZ% is a tSZ power spectrum template normalized to unity at £y and frequency vy

i (2.8)

from the hydrodynamical simulations of [35]. The tSZ spectral function in CMB-referenced
thermodynamic units (z = hv/(kpTcums))

Jisz(v) = x coth (2) —4 (2.9)

describes the frequency dependence of the signal (here the non-relativistic limit is as-
sumed; [36]). The parameter augz in equation (2.8) is a new parameter introduced in
L25, not previously included in the analysis of ACT data (or Planck and SPT analyses),
which allows for a different scale dependence of the tSZ signal, as compared to that in the
template. This effective parametrization is able to capture a large variety of ¢-dependent
shapes, including those from the BAryons and HAloes of MAssive Systems (BAHAMAS) sim-
ulation suite [37] for different active galactic nucleus (AGN) gas heating temperatures, as
well as SPT templates [13]. As found in L25, and further described here in section 4.3, we
find evidence in the DR6 power spectrum analysis for a nonzero value of this new parameter,
which provides new information about the intracluster medium astrophysics governing the
tSZ signal, as it scales with halo mass as M?/3.

The kSZ signal adds a blackbody component to the CMB temperature anisotropies.
Its contribution to the TT power spectrum is modeled via a template Dz% describing the
kSZ power spectrum from [38], such that

T
Dé,kSJZ = akSZD?% . (2.10)

We note that previous ACT power spectrum analyses, including L25, only modeled the
late-time kSZ contribution, without an explicit additional model for the reionization kSZ
contribution. This choice was motivated by the strong degeneracy between the two signals,
which exhibit similar ¢-dependence [e.g., 39, 40], making them difficult to disentangle with
ACT data alone. As such, the amplitude inferred for the kSZ template captures the sum of
both contributions. We verify this approach by including separate late-time and reionization
templates in the non-Gaussian sky simulations described in section 5.

2.4 Cosmic infrared background

The CIB refers to the unresolved background of thermal emission from dusty galaxies over
cosmic time [e.g., 41]. It receives contributions from both clustered and Poisson-distributed



‘ ‘ Description Default Prior Extension
aisz Thermal SZ amplitude at £ = 3000 at 150 GHz >0 —
asz Thermal SZ template spectral index —5<ysz <5 —
ayxsz Kinematic SZ amplitude at £ = 3000 >0
ac Clustered CIB amplitude at ¢ = 3000 at 150 GHz >0 —
ap Poisson CIB amplitude at £ = 3000 at 150 GHz >0 —
Be Clustered CIB spectral index 0<pB.<5
Eye tSZ-CIB correlation coefficient 0<&,:<02 0<&:.<1
at ¢ = 3000 at 150 GHz
a;rT Poisson radio source amplitude in TT >0 —
at ¢ = 3000 at 150 GHz
Bs Radio source spectral index —3.5<Bs<—1.5
a;rT Galactic dust amplitude in TT (7.95 £ 0.32) uK? —
at ¢ =500 at 150 GHz
a;rE Poisson radio source amplitude in TE —-1< aSTE <1 —
at ¢ = 3000 at 150 GHz
+F | Galactic dust amplitude in TE at ¢ = 500 at 150 GHz | (0.42+ 0.03) pK? —
SEE Poisson radio source amplitude in EE 0< aEE <1 —
at £ = 3000 at 150 GHz
aEE Galactic dust amplitude in EE at £ = 500 at 150 GHz | (0.168 £ 0.017) puK?
a;rE/EE Galactic dust Cy power-law index in TE/EE QEE/EE =-04 a}E/EE € [-2,1]
for ¢ > 500
o Clustered CIB C) power-law index for £ > 3000 a. = 0.8 ae. = 0.6, a. =1, a, € [0.5,1]
Bp Poisson CIB spectral index Bp = Be 0<pB,<5
,Hf Radio source spectral index in polarization BE = B, -35<pEF <15
Eys tSZ-radio correlation coefficient Eys =0 0<6ys <02
at ¢ = 3000 at 150 GHz
Ees CIB-radio correlation coefficient s =0 0<65<0.2
at ¢ = 3000 at 150 GHz
:S:,-IXB:/]- CIB decorrelation between v; and v; rglf‘l,] =1 08 < 7’,SIXB,,j < 1.0, (for v; # vj)
rf,‘:gtf; Radio decorrelation between v; and v; r,r,?iiﬁj =1 08 < r,r}j‘ii‘uz < 1.0, (for v; # vj)

Table 1. The 14 parameters of the baseline DR6 foreground model (top section of the table, as in
L25), as well as additional parameters used in the foreground tests (bottom section of the table). For
each parameter, we provide the default prior used in the baseline model. We also provide priors used

in extensions where the prior is changed from the default. We note that the central value and width
of the Gaussian prior on the dust amplitudes are based on the unrounded results of the fit presented
in eq. (2.21).

galaxies. The spatial statistics of the latter are modeled with a flat angular power spectrum
(in Cyp) and with a frequency dependence following a modified blackbody (MBB) SED with
spectral index [, and temperature fixed to T; = 9.6 K:

T}

N(Vﬁ ﬁpa Td)ﬂ(”j? Bpa Td)

Ll+1)
De,CIB—p = Gp [g }

o(fo+1)

lLL2(VO; ﬁp7 Td)

: (2.11)




with p(vi; Bp, Ty) a modified blackbody SED converted to CMB-referenced thermodynamic
units:
p(v; By, T) = yﬂpBy(T)g(V) i (2.12)
Both the overall amplitude a, and the spectral index 3, are varied in the baseline model
from L25.
The clustered component of the CIB emission is described by

T:T; CIB- M(V‘;IB aTd):u(V';ﬂ 7Td)
Dé,CIJch = acDyg, ¢ Z u;(uo-ﬁc %d)c ’

where . is an MBB spectral index and D%?*C is a template power spectrum normalized

(2.13)

to unity at £ = ¢y and v = 1. This template is constructed as in [11] using the CIB power
measured from Planck [42] up to £ = 3000, and extended with a power-law (defined in Cj)
o ¢ at smaller scales, motivated by earlier ACT and SPT measurements [8, 9]. The DR6
baseline model fixes a. = —0.8 and 8. = 3,. We investigate the impact of relaxing these
assumptions and changing the temperature to T; = 25 K, as in [13], in section 4.

The baseline model rigidly rescales the template across frequencies, assuming perfect
correlation between channels. However, we expect that different frequencies probe different
redshifts for which the dusty galaxy populations might be different, resulting in decorrelation
between channels. This is supported by both observations (see, e.g., [42, 43]) and simulations
(see, e.g., [19, 20]). The decorrelation is modeled empirically by multiplying the cross-frequency
spectra for v; # v; by an extra factor. The baseline model assumes that the three extra factors
(r$iB 50, 7508900, and 738 500) are unity. Here, r§i2, 5, is the additional factor multiplying
the cross-frequency spectra for 90 and 150 GHz, and similarly for the other factors. Allowing
these parameters to vary between 0.8 and 1.0 is considered as a model extension.

The tSZ, kSZ, and clustered CIB power spectrum templates are shown in figure 1. The
tSZ and kSZ spectra exhibit broadly similar shapes, and are primarily distinguished by their
distinct frequency dependences. As discussed in section 4.3 and in L25, we find tentative
evidence that the shape of tSZ spectrum deviates slightly from the template in figure 1.

2.5 Radio galaxy emission

The redshifted emission of unresolved radio sources is expected to contribute to both the
temperature and polarization anisotropy power spectra [e.g., 44]. Indeed, radio-source
emission is dominated by synchrotron emission, which is intrinsically polarized. Even though
the polarization fraction can be quite high, effects such as beam depolarization (averaging
over multiple, differently oriented sky regions) or Faraday rotation can greatly reduce the
polarization levels. Nevertheless, the TT, TE, and EE contributions are modeled as a flat
angular power spectrum (in Cy), since radio sources are assumed to be mostly Poisson-
distributed (see e.g., [45, 46]). It is assumed that the radio source SED is a power-law in flux
units [47], such that the power spectrum of this component is as follows:

- [ P

where [ is the spectral index of the adopted SED for the radio sources. In L25, it is assumed

Bat2
: (2.14)

that the radio emission has the same frequency dependence in polarization as in temperature,
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Figure 1. Templates for the ¢-dependence of the thermal and kinetic SZ and clustered CIB components

of the baseline foreground model, as described in L25. These templates are normalized to unity at
£y = 3000 and at a reference frequency vy = 150 GHz (for the tSZ and CIB), which is shown here.

TT _TE
S ? aS

but with separate amplitudes, a , and aSEE. The TE amplitude is allowed to span
negative and positive values in order to capture possible anti-correlation between emission
in T and E. As an extension of the baseline model, 55 is allowed to have different values in
temperature and polarization (8L is the new free parameter used to describe its value in
polarization when allowing it to be different from the value in temperature).

Similar to the CIB emission, radio galaxy emission is expected to show frequency
decorrelation. As an extension to the baseline model, three extra factors are introduced

radio radio radio : :
(6355505 To0% 9205 T1a0%220), Which are varied between 0.8 and 1.0.

2.6 Cross-correlations

We expect several of the signals described above to be physically correlated, as they (at
least partially) trace the same large-scale structure. These correlations can decrease the
total power spectrum if the two signals are anti-correlated. For instance, since dark matter
halos host both hot gas and galaxies, a non-zero correlation is expected between the tSZ
signal and the clustered component of the CIB [48]. In L25, the power spectrum of the
tSZ-CIB cross-correlation is modeled as

T,
D, szwcis = _fyc\/@Dz%XCIB
9 <ftSZ(Vi)M(Vj;/BcaTd) +ftSZ(Vj):U'(Vz’56de)> ’
Jisz(vo)p(vo; Be, Ta)

is a template normalized to unity at ¢y and frequency vy, fisz(v) is the tSZ

(2.15)
where DESKZXCIB
spectral function from equation (2.9), u is the CIB spectral function from equation (2.12),
and &, is the correlation coefficient between the tSZ and CIB components (£, = 1 would



mean that the two components are fully correlated). The minus sign accounts for the negative
value of figz at vy = 150 GHz. We note that the DR6 modeling of the tSZ-CIB correlation
only includes the clustered component of the CIB, since, as noted in [48], we do not expect
the correlation between Poisson-distributed CIB sources and the tSZ signal (tracing massive
clusters) to be statistically relevant. This differs from the SPT modeling in e.g., [13], where
both Poisson and clustered components are included in the tSZ-CIB correlation, leading
to different interpretation and values for &..

DESZZXCIB used in previous ACT analyses is derived from the analytic model

The template
of [48], which is adopted as a fiducial model in the DR6 foreground model. As an extension,
using another template is considered, derived from the AGORA simulations [19]. Broadening the
prior range for &, is also considered. Based on previous measurements [e.g., 9], the baseline
prior range is restricted to [0,0.2]; as an extension, broadening it to [0, 1] is considered.

In addition, as an extension, a model for the tSZ-radio cross-correlation (in TT only, not

TE) following that used for the tSZ-CIB cross-correlation above is constructed:

TiTj _ tSZ xrad
DE,tSZXrad = _5ys\/atSZasDe,fo

" (ftSZ(Vi)MZ(Vj) +ftSZ(Vj):u2(Vi)) 7 (2.16)
fesz(v0) pa(r0)
where s is the correlation coefficient, DESI% x1ad s the template cross-power spectrum, and

pa(v) is the radio source SED: us(v) = g(v)v%+2. A template for Dg’sgzxrad from the AGORA
maps is constructed. A flux density cut of 15 mJy at 150 GHz is applied to the source
population in the maps to match that used in the ACT DR6 analysis (L25). The tSZ field is
that corresponding to the BAHAMAS 8.0 model in AGORA. The predicted correlation coefficient
from AGORA is &,s ~ 0.03; this prediction is quite uncertain, with the Websky simulation
predicting ~ 0.1 [20]. A similar prior to the one for &, is adopted, with &, € [0,0.2].

Similarly, as another extension, a model for the CIB-radio cross-correlation (in TT
only, not TE) following that used for the tSZ-CIB and tSZ-radio cross-correlations above
is constructed:

;T
Dé,CI]BXrad = &es \/@DE}?XHM
y (u(w)uz(w) + M(Vj)ﬂz(%')) 7 (2.17)
1(vo)pa(vo)

where £, is the correlation coefficient (with a prior of £ s € [0,0.2])

, D%B x1ad jo the template

cross-power spectrum, u(v; ., Ty) is the CIB modified blackbody SED from equation (2.13),
and po(v) is the radio source SED. Note the positive sign in equation (2.17) compared to the
negative sign in equations (2.15) and (2.16), which is due to the tSZ SED at 150 GHz. As for
the tSZ-radio cross-correlation, the theoretical template for the CIB-radio cross-correlation
comes from a measurement of this cross-power spectrum in the AGORA simulation.

As in the tSZ-CIB cross-correlation model, we assume that only the clustered CIB
component correlates with the radio source population. Investigating this assumption in
detail is left to future work.

The normalized templates for the three cross-correlations are shown in figure 2. The
CIB-radio cross-power spectrum is predicted to increase even more steeply on small scales
than the tSZ-CIB cross-power spectrum.

,10,



= tS7 x CIB (Addison et al. 2012)
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Figure 2. Templates for {-dependence of the cross-correlation terms considered in this work. The
templates are normalized to unity at £ = 3000 and at the reference frequency vy = 150 GHz, which
is shown here. The AGORA tSZ-CIB correlation is negative for ¢ 2 6500. As discussed in [19], the
shape of this template depends on the redshift limit in the tSZ and CIB maps used to measure this
correlation. The CIB-radio cross-power spectrum is predicted to increase even more steeply on small
scales than the fiducial tSZ-CIB cross-power spectrum.

The tSZ-radio or radio-CIB cross-correlations are not included in the baseline DR6
model, but including them as an extension, either in addition to or instead of the tSZ-CIB
correlation, is considered.

2.7 Galactic dust

Galactic foregrounds, if not masked or modeled carefully, can bias cosmological inference. The
most relevant sources of Galactic emission at the ACT frequencies are [e.g., 49]: (i) Galactic
dust emission, referring to the thermal emission of dust grains; (ii) Galactic synchrotron, the
radiation emitted by charged particles spiralling in the Galactic magnetic field; (iii) free-free
emission, the Bremsstrahlung radiation emitted by accelerating (or decelerating) charged
particles in the interstellar medium; and (iv) anomalous microwave emission (AME), the
diffuse astrophysical signal believed to originate from electric dipole radiation emitted by
rapidly spinning dust grains in the interstellar medium.

The analysis mask used in L25 is the combination of a survey mask defining the DR6
footprint, a point-source mask, and a Galactic mask (G70) derived from the Planck 353 GHz
measurements and extended to mask additional bright dust clouds. The masked regions
include areas close to the Galactic plane, where Galactic foreground emission is the brightest.
Given the frequency bands observed in DR6 (f090, f150, £220), it is a reasonable assumption to
neglect free-free emission, synchrotron emission, and AME. The steepness of the synchrotron
SED [50] makes this signal subdominant to the dust emission at the DR6 frequencies. Besides,
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both AME and free-free emission have not been detected to be polarized [see, e.g., 17] and
their temperature signal is expected to be small compared to that of Galactic dust on the
DR6 footprint. We explicitly verify this assumption in section 5, in which we validate the
DR6 foreground model on a full suite of non-Gaussian simulations that include Galactic dust,
synchrotron emission, and AME. In the simulation-based analysis, we see no appreciable
levels of Galactic foregrounds aside from dust in the DR6 footprint, as shown in figure 17.

The only Galactic foreground that is included in the DR6 model is therefore the thermal
emission of Galactic dust, which is modeled in both intensity and polarization. Because dust
grains are not perfect spheres, their short axis tends to align with the Galaxy’s magnetic
field, leading to a polarization of this signal perpendicular to the projected local field, with
polarization fractions reaching up to about 20% [51].

The residual Galactic dust power spectra in temperature and polarization are modeled
with a power-law in multipole ¢, while the frequency dependence follows a modified blackbody
emission law:

XY
o i Ba, T§) vy Ba, TS)
12 (vo; Ba, TST)

DY = aXY V] (2.18)

9 b

In the baseline DR6 model, the power-law index describing the angular scale dependence is
fixed to ongT = —0.6 in temperature and to a;FE/ FE = 0.4 for polarized emission, motivated
by observations from Planck [52]. The effective dust temperature is fixed to T$T = 19.6 K
and the modified blackbody spectral index is fixed to f; = 1.5. Separate amplitudes are
fit in TT, TE, and EE, defined at a pivot scale £y = 500 (note that this pivot scale differs
from that used for the other components in the sky model — ¢35 = 3000 — shifting the
fit to scales where the dust contribution is more relevant). As a possible extension of the

;fT, a;FE/ PE to different values than those

baseline model, fixing the power-law indices «
assumed here, or marginalizing over them, is considered. When marginalizing over them,
a uniform prior [—2.0,0.5] is imposed.

Because atmospheric fluctuations limit our ability to accurately measure the large-scale
emission from Galactic dust using ACT alone, data from Planck at 353 GHz and 143 GHz
(with the Planck passbands) are used to estimate the amplitude of the expected contamination.
Details of the estimation procedure are given in L25; we briefly summarize them here. The

following residual spectra are computed, by analysing the Planck maps in the DR6 footprint:

A Dg(Y,data _ XY, 353CHzx353GHz

¢, planck
XY, 143GHzx143GHz
+ DZ, planck
XY, 143GHzx353GHz
— 2D} Dlanck . (2.19)
Since the CMB signal cancels in this construction, we expect ADfY’data to be dust-dominated

(dust here also refers to the CIB). These spectra are fit using different models in temperature
and polarization. For TE and EE, the residuals above are assumed to be dominated by
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Galactic dust, whereas in TT, the CIB is also included:

TT,model _ TT oTT A dust CIB
AD, =a, (£/lo)% AS5343 + ADg " (ac, ap),

TE,model _ TE ol B/EE | dust
AD, = Qg (/o) A58 7143,
EE,model _ EE aFB/EE - qust
AD, =a,"(0/l)%  AS5343- (2:20)

Here Agggfmg gives the expected frequency scaling of the residual assuming an MBB, as in
equation (2.18), integrated in the Planck measured passbands, defined in [53]. Similarly,
ADEIB(aC, ap) gives the frequency and ¢ scaling of the corresponding CIB residuals from
equations (2.11) and (2.13) as specified in section 2.4, where . and /3, have been fixed to
their Planck best-fitting values, marginalizing over a. and a, while fitting for a;FT. The
l-power law provides an excellent fit to the data and the amplitudes (normalized at 150 GHz
and £y = 500) are estimated as (from L25)

ay ' =8.0+0.2 (PTE:20%),
ag” =0.42+0.015 (PTE : 69%),
ag® =0.17+0.01 (PTE : 38%). (2.21)

These best-fitting values are used as the priors for the dust amplitudes, and the Gaussian

prior standard deviations are twice the 1o uncertainties in equation (2.21). These fits have

;FT and a;FE/ BE
to vary the value of these parameters while maintaining consistent priors for the amplitudes.

been performed for a range of values of dust power-law indices « , allowing us

2.8 Parameter summary

Table 1 summarizes the parameters of the DR6 baseline model, as well as the model extensions

and associated additional free parameters (discussed further in section 4). In summary, the
baseline DR6 foreground model includes Galactic dust (with free parameters a;FT, agE, and
ag®
parameter axsz), the CIB (with free parameters a., ap, and ), radio emission (with free

TT ,TE
s as ?

), the tSZ effect (with free parameters atgz, atsz), the late-time kSZ effect (with free

parameters (s, a and a"F), and the tSZ-CIB cross-correlation (with free parameter

&ye), for a total of 14 parameters.

3 Results from ACT DR6 and consistency with other data

3.1 ACT DR6 foreground estimates

In this subsection, we briefly review the best-fitting foreground parameters from ACT DR6
for the baseline model discussed above, which were presented in L25. These results are shown
in figure 3. Unless otherwise stated, constraints are quoted at the 68% confidence level (CL)
and amplitudes are defined at vy = 150 GHz and ¢y = 3000.

3.1.1 Thermal Sunyaev-Zel’dovich effect

As discussed in L25, previous works did not vary the shape of the tSZ power spectrum
template, using a model with aygz = 0. The sensitivity of ACT DR6, however, requires the
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—— ACT-DR6 baseline foreground model — = Model without including beam chromaticity
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Figure 3. Posterior distribution of the foreground parameters for the ACT DR6 baseline foreground
model. The first two rows show the TT-related foreground parameters and last row reports the TE/EE
foregrounds. Note that (3, is assumed to be the same in temperature and polarization. The red dashed
lines show the effect of neglecting beam chromaticity (the frequency dependence of the beams across
the passbands). The green dotted lines show the priors imposed on the Galactic dust amplitudes.

addition of this new parameter, which is measured at > 30 when combining ACT and Planck
(L25) and leads to cosmological parameter shifts at more than 0.50 when varying gz (thus
altering the shape of the inferred tSZ template). This is discussed further in section 4. A

model that varies azgz as the baseline is thus adopted in L25.

The two tSZ-related parameters for the nominal model are then found in 125 for ACT-
DR6-only to be (repeated here for completeness)

atSz7

= 3.351035 uK?,

0.22

(3.1)

The tSZ power spectrum amplitude is detected at high significance and the sensitivity of the
data allows us to also constrain its ¢-shape, captured by the ais7 parameter. As discussed
in L25, the negative sign of aigz steepens the slope of the tSZ power spectrum towards
larger scales, which is consistent with simulation-based predictions of stronger AGN feedback.
Schematically, a higher AGN gas heating temperature leads to a more efficient ejection of
gas from the cluster, which boosts the contribution from gas to tSZ power on large angular
scales (¢ ~ 1000) and suppresses it on small angular scales [e.g., 54]. This steepening towards
large scales is consistent with recent results from [55], who reconstructed a binned version of
the tSZ power spectrum using the 90-100 GHz data from Planck, ACT DR4, and SPT.
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Figure 4. Constraints on the duration of reionization, obtained by interpretation of the axgz posteriors
for ACT DR6 and P-ACT DRG6 using the B13 scaling, under various assumptions. The shaded regions
represent the 95% exclusion limits. The baseline reionization kSZ treatment is shown in black, using
ACT data with an assumed z,;q = 8 and the most conservative treatment of the low-z kSZ, in which
all the signal is ascribed to the kSZ contribution from reionization. Left: small variations to the
inferred limit are apparent for the P-ACT data (red) and for the ACT data when assuming z,iq = 10
rather than 8. Right: allowing for a non-zero low-z kSZ signal with the given amount of feedback
(parametrized by the AGN heating temperatures), as implemented in the AGORA model, yields tighter
constraints on the reionization duration. Note that all models considered here are informative over
the prior (dotted grey).

3.1.2 Kinematic Sunyaev-Zel’dovich effect

The blackbody (kinematic) SZ component, measured by axsyz, is not significantly detected,
as reported in L25 for ACT-DR6-only:

axsz, = 1481_(1]1(1) ,UKQ. (3.2)

The best-fitting value is consistent with previous limits. In particular, in their joint
multi-frequency analysis of SPT-SZ and SPTPol data, [13] measured aysz = 3.0 + 1.0 uK?
for their fiducial kSZ template — also reported in figure 5 below.

The kSZ signal is sourced by ionized gas with non-zero line-of-sight velocity from
two different epochs. The component at z 2 6 from the reionization epoch is called the
“reionization kSZ” (rkSZ) or “patchy” kSZ signal, while the kSZ contribution at z < 3 arising
from the circumgalactic medium associated with massive halos is known as the “homogeneous”
kSZ or “low-redshift” kSZ signal. The amplitude of the reionization kSZ power spectrum
is particularly sensitive to the duration of reionization [e.g., 38, 56-60]. Although the ACT
DR6 constraint on axgyz does not correspond to a detection of the kSZ power spectrum, it
can be used to derive a limit on the duration of reionization, Azy.

Together with both an assumed model for the low-redshift component and a prior on
the tSZ power spectrum amplitude based on the tSZ bispectrum measured with SPT, [13]
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transformed their kSZ measurement into a limit on the duration of reionization, Az, < 4.1
at 95% confidence level for their baseline modeling choice [see also 12, 61, 62, for results
based on earlier measurements.].

Here, a similar procedure is followed to transform the L25 constraint on aygy into con-
straints on the duration of reionization. Specifically, starting with the ACT posterior for axsz
from figure 3, the [38] parametrization (B13 hereafter) is implemented. This parametrization
is based on a semi-analytic model [63] calibrated with radiation-hydrodynamical simula-
tions [64]. It yields the dependence of DEI;S?)%OO on the midpoint of reionization zniq and
the duration Az (defined as the redshift interval between a spatially-averaged ionization
fraction of 25% and 75%),

0.51
axsy, = DIESZ L = 2.03 # - 0.12] (?zg) . (3.3)
Given that the rkSZ signal is most sensitive to Az, and for simplicity, a fixed value of znyiq
is assumed here in order to map the one-dimensional posterior distribution for aysz to a
distribution on Az.i. Note that the optical depth measurement from the low-¢ Planck data
constrains zpiq to a relatively narrow range of redshifts, zp;q = 8.14 £ 0.61 [30]. Thus, a
fiducial value of zniq = 8 is set for the baseline analysis shown here, and the implications
of other choices are also explored. A more involved analysis, with both parameters allowed
to vary, is left to future work.
To transform probability distributions for aygy to distributions for Az, the non-linear
relationship between them in equation (3.3) must be accounted for:

9D 00
8Azrei (34)
x P(aksz)(Azrei)f(Mg.

P(Azrei) = P(akSZ)

This applies to priors as well as posteriors; in particular, since the analysis chains were
performed with a flat prior on axgz (see table 1), the prior on Az is (Azrei)*o"lg, yielding
a prior preference for low values of Az.;. The degree to which the data prefer limits more
stringent than those arising from this prior will be determined. A maximum Az value
of 10 was chosen for this work.

To obtain the most conservative limits on the reionization kSZ, it is assumed for the
baseline choice that the low-redshift kSZ has no appreciable contribution, and its amplitude
is set to zero. This yields a conservative 95% upper limit of Az, < 4.4, for an assumed
Zmid — 8.0.

This analysis is performed on other cases as well: the P-ACT (referring to a combination
of ACT DR6 and Planck data, defined in section 4.3) result leads to a weaker upper limit,
and a higher assumed z,;q = 10 yields a slightly tighter limit. Both of these cases are shown
in the left-hand panel of figure 4 and in table 2.

The dependence of axgyz on zmiq and Az, based on the assumptions used in the semi-
numerical Abundance Matching Box for the Epoch of Reionization [65, AMBER] is also explored,
as an alternative to B13. This code creates simulations based on a set of reionization
parameters, which can be controlled more directly than with the hydrodynamical simulations
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of B13. The additional ability to generate AMBER simulations quickly enables studies of the
dependence of reionization observables on these parameters [60, 66]. Using the power-law
scalings from table 4 of [66], which were obtained from the AMBER simulations, an effective
model for D?;S:s%oo can be written as:

. 1.4 Az 0.75
Do = 1.75 (S ) (S ) (3.5)

These are obtained for fixed values of the other parameters that can be varied within AMBER,
namely, the radiation mean free path, ly,g = 3.0 Mpc h~!, the minimum halo mass to
host ionizing sources, My, = 108 My, and the asymmetry parameter, A, = 3.0. These
parameters have subdominant effects on D?;%%)OO [60, 66]. Note that this equation contains
a different Az, than used by B13: AMBER defines Az.cigo as the duration of reionization
between when the Universe was 5% ionized and 95% ionized. Thus, the results obtained
from using this parametrization make a different statement about reionization than those
found using the B13 fit. The constraint on Az go from this AMBER model is Azyeig0 < 7.7,
much higher in value than Az from the middle 50% in the B13 model, due to the larger
ionization fraction range included.

Another set of Az, constraints are obtained by accounting for a contribution to aygy
from the low-redshift kSZ signal (which is generically expected to be non-zero). The shape
of the low-redshift kSZ template is not significantly different from that from reionization
within the precision of the ACT data, as is confirmed with the test described in section 5.
The amplitude of the low-redshift kSZ is sensitive both to cosmological parameters and to
parameters that describe the distribution of ionized gas around halos [e.g., 67], with the
largest uncertainty coming from the latter. Thus, the low-redshift amplitudes from the
BAHAMAS 7.6 and 8.0 models in the AGORA kSZ simulations are added to the ayxgy model in
equation (3.3). These choices lead to tighter limits of Az, < 2.5 and 0.7 respectively, for the
B13 parameterization and for a 50% duration. The inferred reionization limits thus depend
strongly on the assumed astrophysical feedback processes at low redshifts.

It is worth noting that within our fits, axgz is strongly (negatively) correlated with the
thermal SZ component (to both assz and atsz). Thus, the inferred constraints on axgy (and
hence Az,) are sensitive to the foreground model adopted in the analysis; see section 4
for further exploration.

3.1.3 Cosmic infrared background

The best-fitting CIB parameters for the baseline model in L25 are (included here for com-
pleteness)

ac = 3.69 + 0.47 uK2,

ap = 7.65 +0.34 uK?,

Bp = 1.87 £0.10, (3.6)
consistent with previous results from ACT, SPT, and Planck. We explore in greater detail

the impact of allowing 3, # . in section 4, but we note here that the inferred f. is also
consistent with the value inferred from Planck [42], where the estimated value for Scip was
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| Model | 95% Upper Limit

Baseline rkSZ

(ACT, B13 param., Azpei < 4.4

Zmid = 8, no low-z kSZ)
Zmid = 10 Azei < 2.9
P-ACT Az < 6.0
low-z kSZ: log(Tagn) = 8.0 Az < 2.5
low-z kSZ: log(Thgn) = 7.6 Az < 0.7
Prior only ‘ Azei < 9.1

AMBER param. Azreigo < 7.7

AMBER param., zpyiq = 10 Azreigo < 5.2

Table 2. Constraints on the duration of reionization, Az, inferred from the fit to the kSZ power
spectrum amplitude ayxgy; values are as described in figure 4, apart from the AMBER-based results.
Most results are obtained in terms of Az, which here refers to the 50% duration used by B13. The
AMBER results are limits on a 90% duration [60, 65].

1.75 + 0.06, assuming that the clustered and Poisson components had the same frequency
dependence. Given that the CIB is the dominant signal at high frequencies, the MBB spectral
index f3. strongly correlates with the bandpass shift Af220,

3.1.4 tSZ — CIB correlation

The tSZ-CIB correlation parameter is found in L25 to be
Eye = 0.09175:934L (3.7)

which is correlated with the SZ and clustered CIB amplitudes. This result is compatible
with 0 at 1.20. However, modeling this correlation is challenging and the baseline template
is taken from [48] to allow for a direct comparison with [9] and [11]. The constraint on &y
from L25 is consistent with previous ACT data, as well as predictions from simulations such
as AGORA, which predicts £, ~ 0.1 at £ = 3000.

3.1.5 Radio galaxies

Power spectra (TT, TE, and EE) for radio emission from galaxies are characterized by four
parameters in the baseline model (L25):

alt =286 4+0.21 uK?,
al® = —0.03 £ 0.01 uK?,
a® < 0.04 pK? (95% CL),
By = —2.78 + 0.08. (3.8)

The amplitude in temperature is consistent with theoretical predictions from [68] of alT =
3.01 uK?2, given ACT’s frequency coverage as well as flux-cut. There is no evidence for
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significant radio source emission in EE, and while the data prefer a TE radio source spectrum
that is negative, it is still consistent with zero at the 3¢ level. This is partly due to the
point source mask (with a flux density cut of 15 mJy at 150 GHz in intensity), which removes
most of the bright polarized point sources. Prior to masking, there is significant power
in polarized point sources.

3.2 Comparing the model with other observations

The foreground models introduced in cosmological analysis of multi-frequency CMB data [e.g.,
3, 9, 11, 13] make their own assumptions (using different component templates or SEDs, for
example), rendering a direct comparison of the best-fitting foreground parameters difficult.
In this subsection, we use the ACT DR6 baseline foreground model described above to fit
other existing multi-frequency microwave data from Planck and SPT. We focus on assessing
whether the model is flexible enough to describe multiple datasets, both individually and
when combined.

As mentioned above, the ACT DR6 baseline model uses the previous ACT DR4 model [11]
as a starting point and introduces some refinements. Hence, some foreground parameters
between the two releases fluctuate in mean value while remaining consistent. For example,
the thermal SZ amplitude atgz in ACT DRG6 is found to be 2.40 (where o is combined from
DR6 and DR4) lower than the DR4 estimate. This difference arises primarily from two key
changes in the modeling: the inclusion of beam chromaticity effects and the marginalization
over the tSZ shape parameter atgy (i.e., relaxing the assumption that cqgz = 0). As shown in
figures 3 and 7, both of these contribute significantly to lowering the inferred tSZ amplitude.
Another major distinction is the treatment of the radio point source spectral index S5, which
was fixed to —2.5 in ACT DR4 but allowed to vary in ACT DR6. The ACT DR6 best-fitting
value is By = —2.78 £ 0.08 and letting this parameter float leads to moderate shifts in
the Poisson amplitudes: a, and a, differ by 2.40 and 1.80, respectively, between the two
datasets. We also note that the inclusion of the 220 channel in ACT DR6 enables us to
lift the prior on the clustered CIB amplitude that was necessary in DR4, allowing for more
data-driven foreground constraints.

We consider two other publicly available datasets in addition to DR6: data from the
SPT-SZ+SPTPol surveys presented in [13] (hereafter R21), and the Planck PR3/plik multi-
frequency spectra [3, hereafter PL20]. In the following, we briefly describe these two datasets
and highlight the main differences between the model adopted in their analyses and the
baseline DR6 foreground model.

3.2.1 SPT

The SPT dataset is extracted from 500 deg? surveyed by SPTpol combined with 2540 deg?
from the SPT-SZ survey. The data vector consists of 88 ¢-bins capturing 6 cross-frequency
spectra between the 90, 150, and 220 GHz frequency channels in temperature only. The
model used in R21 to characterize these data uses the same formalism described above, but
with different templates for the tSZ power spectrum, kSZ power spectrum, and tSZ-CIB
correlation. It also differentiates between the 1- and 2-halo contribution to the clustered
CIB, each modeled with its own template and amplitude, but sharing a common frequency
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dependence. We implement the publicly available SPT likelihood” in the MFLike framework
and verify that we reproduce the results of R21. We then modify the likelihood to fit the
SPT data with components of the DR6 model — when possible, see below — and finally
bring together ACT DR6 and SPT in a joint fit. The two SPT surveys do not overlap with
the ACT DR6 footprint and we treat them as independent, simply adding the individual
log-likelihoods and neglecting any covariances between the two data vectors.

For the modified SPT likelihood, we model the tSZ power spectrum, kSZ power spectrum,
clustered CIB, and tSZ-CIB correlation using the same templates and frequency dependence
as for the DR6 baseline model. For the Poisson-like terms (CIB and radio), we use separate
amplitudes for ACT and SPT to account for the more aggressive flux-cut applied to the
SPT temperature maps (~ 7.6 mJy versus 15 mJy at 150 GHz). However, we assume
a common frequency dependence for both experiments. To validate this assumption, we
perform a joint fit allowing separate spectral indices, 8, and 3, for ACT and SPT. With
this assumption, we find a 3.40 discrepancy in the recovered radio spectral indices, while
the difference in the CIB Poisson index 3, is less than 1o. We interpret this result as a need
to also relax other assumptions in the model. For example, introducing experiment-specific
spectral indices necessitates relaxing the baseline condition 5. = f,, but this would open
up the model further, undermining the goal of testing the baseline DR6 foreground model
on the combined dataset. For this reason, we opt to retain a common frequency scaling
for Poisson sources in both ACT and SPT, which, as discussed in section 3.2.3, gives a
good fit to the data. We defer a more detailed modeling of experiment-specific frequency
behavior to future work.

The dust residual power spectra are also maintained with their respective models
and priors.

3.2.2 Planck

Planck data are sensitive to secondary anisotropies in different multipole and frequency
regimes compared to ACT and SPT. For example, the Galactic dust contamination is a
dominant component for Planck, affecting its large-scale measurements; the extragalactic
sources are more problematic at frequencies around 100 GHz which lack resolution at ¢ > 1500.
The approach used to marginalize, remove, and minimize foreground contamination varied
across the different Planck high-¢ likelihoods (plik, Camspec, and Hillipop), each defining its
own foreground model and in some cases after steps introduced at the map level. The impact
of these model choices was studied in detail in [14, 15]. Capitalizing on the implementation
of the plik likelihood in the SO MFLike framework presented in [69], we only consider the
legacy PR3 dataset accompanied by the plik likelihood described in detail in PL20. The
dataset consists of 6 frequency cross-spectra between the 100, 143, and 217 GHz channels
in TT, TE, and EE (the 100 x 143 and 100 x 217 spectra are not included in TT). This
is the Planck dataset and likelihood that most resembles the approach used by DR, i.e.,
multi-frequency spectra corrected for foregrounds only at the power spectrum level with a

"https://pole.uchicago.edu/public/data/reichardt20/.
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parametric model. The full model is presented in PL20 and has some differences compared
to the ACT DR6 baseline model, which we highlight below:

e The clustered CIB model is constructed from the power spectra and emission law based
on the one-plus-two halo model described in [70]. This model is fit to Planck data to
produce a template. A perfect correlation between the emission at the three frequencies
is assumed and is rescaled by a single amplitude, not allowing for any modeling of the
frequency dependence.

e The tSZ and kSZ models follow the formalism described in section 2 but with different
templates, respectively from [71] and [72].

e The CIB and radio Poisson terms are modeled (in temperature only) using a free
amplitude for each cross-spectrum that rescales a flat angular power spectrum (in Cy).
This is necessary because PR3 adopted a frequency-dependent flux-cut in temperature.
Polarized point sources are neglected and therefore not modeled.

e Since the point-source mask is different for each channel, the residuals in temperature
are channel-specific and their power spectra must be modeled using a different template
for each cross-spectrum. Since point sources are neglected in polarization, a common
template can be used to model the /-dependence of polarized dust residuals: a power-law
(in Dy) with a (fixed) index —0.4. As indicated in [3], the EE amplitudes are fixed,
while the TT and TE amplitudes are allowed to vary within specific priors.

When combining DR6 with Planck, we follow the approach taken by L25 and restrict
the plik spectra to £ < 1000 in TT/TE and ¢ < 600 in EE. Including higher multipoles
would require modeling the ACT-Planck covariance, which is beyond the scope of this work.
We refer to this dataset as plikeyt. To model foregrounds in this combination, we use the
DR6 baseline templates for the tSZ power spectrum, kSZ power spectrum, clustered CIB,
and tSZ-CIB correlation. However, we keep the modeling of Poisson sources and Galactic
dust in plik spectra as defined in PL20.

3.2.3 Results

In figure 5 we present the posterior distributions of the foreground parameters for the different
datasets® and the combination of ACT, SPT, and Planck using a common foreground model
built from the DR6 baseline.

We find that the common foreground parameters (top row) are consistent to within 1o
for both the ACT DR6 and R21 baseline models, except for the CIB MBB parameters 3,
and (.. This is entirely due to the ACT DR6 baseline model setting 8, = . and using a
CIB temperature Ty = 9.6 K, while the R21 model varies both 3, and . and sets T;; = 25 K.
Indeed, the model extension “f. # B, Tq = 25”7 (defined in the next section) brings all
parameters in agreement to within 1o. As expected, the best-fitting values for the amplitude
of the Poisson radio sources are different due to the different flux cuts applied to ACT and

8The SPT posteriors presented here vary slightly from those quoted in R21, which are for a fixed cosmology;
here we allow cosmological parameters to vary with the same priors as in ACT DR6.
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Figure 5. Posterior distributions of the foreground parameters in the ACT DR6 baseline model, for
various datasets. The top row shows the parameters used for a model common to ACT, SPT, and
Planck. The black, red, and green boxes in the second and third rows represent respectively the ACT-,
SPT-, and Planck-specific parameters. Note that the Planck tSZ and clustered CIB amplitudes are
rescaled to 150 GHz. The SPT clustered CIB is the sum of the 1- and 2-halo contributions introduced
in R21. Going from the green to the dark blue case removes the small-scale information in Planck
data and hence we find a broadening of the Planck-related point source parameters in the last row.

SPT data. However, the amplitude of the Poisson CIB sources is similar for both datasets:
7.65 4 0.35 uK? (ACT) and 7.2670%2 uK? (SPT).

We also note that the posteriors of the common foreground parameters (top row in
figure 5) are tightened when the three datasets are combined. In particular, the ampli-
tude of the clustered CIB is constrained to about 6% (a. = 3.93 + 0.26 yK?). The am-
plitudes of the Poisson terms (CIB and radio), even though modeled independently for
the three datasets, are affected by the use of a common foreground model. This is due
to both the common modeling of their frequency scaling in ACT and SPT (common [
and () and the strong degeneracies between these amplitudes and a.. The Planck Pois-
son amplitudes are less constrained in this combination; this is entirely due to the lim-
ited ¢-range in the plik spectra used when combining datasets. This range excludes the
smaller angular scales where Poisson-like contributions, which scale approximately as £2,
are most prominent.

We find that the best-fitting model from the combined fit has a goodness-of-fit to each
individual data vector as follows: x3cor = 1608 (1651 bins), x3pr = 115 (88 bins), and
X3 lana = 1484 (1470 bins). As a comparison, when fitting the baseline model to ACT DR6
only the goodness-of-fit is x4 = 1591. Similarly, we fit the DR6 baseline model to SPT
data only (while varying the cosmology) and find xZpr = 93. The fiducial SPT foreground
model presented in R21 gives a goodness-of-fit xZpr = 90 (while varying the cosmology).
Both models give similar probability to exceed (PTE): 9% for the SPT fiducial model (88
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Figure 6. ACDM cosmological parameter constraints (with 68% confidence intervals) from various
foreground model modification tests. The black lines show the baseline results. The light purple, lime
green, pink, cyan, orange, blue, red, purple, and green lines show the results involving modifications to
the tSZ template shape, CIB and radio decorrelation, CIB SED, radio point source SED, CIB clustered
template, tSZ x CIB template, CIB x radio inclusion, and tSZ x radio inclusion, respectively.

bins —10 foreground parameters —5 cosmological parameters) and 7% for the ACT DR6
baseline model fit to SPT data (88 — 9 — 5 degrees of freedom).

These results show that the ACT DR6 baseline foreground model provides a good fit to
ACT, SPT, and Planck data, enabling consistent joint analyses and confirming the flexibility
of the model across experiments.

4 Impact of changing foreground models on ACT DR6 cosmology

In L25, it was verified that the baseline model explored above is indeed the minimal model
required to characterize the multi-frequency measurements from ACT and to assure robustness
of the extracted cosmological results. To assert this, several variations of the baseline DR6
foreground model were considered. Here we describe these variations and their results in
greater detail.

The approach taken to identify the minimal model needed for DR6 involves checking
the following criteria:

o A model extension causes a negligible (< 0.50) shift in cosmological parameters;

« No significant preference for an additional foreground parameter is found (> 30 deviation
of the parameter from its baseline value);
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Figure 7. ACDM foreground parameter constraints (with 68% confidence intervals) from various
foreground model modification tests. We show results for the tSZ, kSZ, and CIB-related foreground
parameters. The black lines show the baseline results. The light purple, lime green, pink, cyan, orange,
blue, red, purple, and green lines show the results involving modifications to the tSZ template shape,
CIB and radio decorrelation, CIB SED, radio point source indices, CIB clustered template, tSZ x
CIB template, CIB x radio inclusion, and tSZ x radio inclusion, respectively. See the text for full
descriptions of each test.

e The extended model does not give a better fit to the data compared to the baseline
case. (In the case of a model extension that involves merely adding model parameters,
this is already captured in the previous point.)

The extensions considered include altering (1) the shape of tSZ template, (2) the
shape of the polarized dust template, and (3) the level of CIB and radio decorrelation;
varying (4) separate CIB spectral indices and (5) radio point source spectral indices; using
(6) different templates for clustered CIB and (7) different templates for tSZ-CIB; and including
(8) CIB-radio templates, (9) tSZ-radio templates, and CO templates (the latter are shown
in appendix C).

Unless otherwise noted, these tests are all run using only the ACT DR6 data, without
combining with any external datasets.

4.1 Impact on ACDM cosmology

The baseline ACDM cosmology results presented in L25 are robust to all of these variations
(see figure 6), and changes are absorbed by the foregrounds, shown in figure 7 and figure 8. All
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Figure 8. Radio point source parameter constraints and Az, constraints from various foreground
model modification tests. For radio point source parameters, all error bars are shown as 68% confidence
intervals or upper limits. The Az, constraints are shown as 95% upper limits, for a few foreground
model variations of interest. The black lines show the baseline results. The light purple, lime green,
pink, cyan, orange, blue, red, purple, and green lines show the results involving modifications to the
tSZ template shape, CIB and radio decorrelation, CIB SED, radio point source indices, CIB clustered
template, tSZ x CIB template, CIB X radio inclusion, and tSZ x radio inclusion, respectively. See
the text for full descriptions of each test.

cosmological parameter shifts are less than 0.1, with the exception of the aygy = 0 variation,

discussed further in section 4.3, and ay / marginalization, discussed in section 4.4.

Table 3 reports the values of the additional foreground parameters for each model within
a ACDM cosmology. None of the new parameters introduced are found to be > 30 away
from their baseline value.

When allowed to vary separately, 3. and 3, differ by 2.50, with . being shifted to larger
values with broader uncertainties (5, = 2.6f8:§) while 3, shifts by less than 1o. Since the
total CIB emission is dominated by the Poisson contribution at high-¢ where ACT data are
the most constraining, we expect 3, to be better constrained. As shown in figure 7, the
three baseline SZ parameters (atsz, sz, and axgz) as well as the clustered CIB amplitude
a. are affected by allowing 3. # (. In particular, axsz tends to prefer higher values in this
case, as observed in R21. When additionally setting the dust temperature to T; = 25 K, 5.
and 3, remain consistent with each other at 2.50 and we recover the SPT spectral indices
to within 20. The lack of strong observational support for 3, # . justifies the choice of
keeping these parameters equal.
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New Parameter
F d Model
oresround Atode (in ACDM Cosmology)
Baseline aisz = —0.5375 75
(compare with aysz = 0)
Marginalize over agE B agE/ BE —0.98J_r8:gg
CIB 508500 > 0.896
decorrelation r$iB150 > 0.874
rlcg&?go > 0.978
Radio %820 = ——
decorrelation rg%‘ixi‘fm =0.9701) 027
7“1{%%12220 =
B. =2.6191
Be 7# Bp < 0
Bp=18+£0.1
B =2.370%
Ty =25 :
Pe 7 Bp: Ta Bp=15+0.1
BT —_ _2.781-0.09
ﬁg # BSE s 5 0.08
Bs > —3.14
Marginalize over . e = ——
AGORA CIB x radio €es = 0.067002
AGORA CIB x radio, &y =0 &es < 0.05
AGORA tSZ x radio §ys < 0.13
AGORA tSZ x radio, &y = 0 &ys = 0.0810:05

Table 3. 1D marginalized posterior distributions (with 68% confidence intervals or 95% upper /lower
bounds for undetected quantities) on additional foreground parameters for several foreground modifi-
cations of interest, in the ACDM scenario. These results are based on ACT DR6 alone.

As expected from the lack of detection of polarized point sources, the parameter 3%
remains unconstrained when varied, while 37 is consistent with the baseline 35 value. Similarly,
a. is poorly constrained when allowed to vary, likely because the total CIB emission at high
multipoles is dominated by the Poisson component. Even in models where 8. and 3, are
allowed to differ, there is no clear preference for a particular value of «..

Cross-correlation parameters involving CIB and radio, as well as tSZ and radio, are
either consistent with zero (within 1.30) or only marginally constrained, and are typi-
cally detected as upper bounds. This holds even when setting the tSZ-CIB correlation
to zero. We also note that the upper bounds are consistent with predictions from the
Websky or AGORA simulations. Finally, there is no evidence for decorrelation in the CIB
or radio spectra.

For each of the test cases (1)—(8) listed above, the maximum a posteriori (MAP) is found
using the cobaya “bobyqa” [73] minimizer, and the x? of the MAP from the modified model

is compared to that of the baseline model. Table 4 shows Ax? = X2 iation — Xpaseline fOT €ach
test. For tests involving additional free parameters, we also compute the preference of that

model relative to the baseline using the likelihood-ratio test statistic via Wilks’s theorem.
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’ Model (ACDM Cosmology) ‘ Ax? ‘ Pref. (o) ‘

sz, = 0 4.9 —2.9
Marginalize over a;E PRy 3.4
CIB decorrelation -1.0 0.3
Radio decorrelation —-1.4 0.4

Be # Bp —6.9 2.6

T;=25 -0.3 —

Be # By, Ty = 25 —6.9 2.6

BT +£ gk 0.0 0.0
Marginalize over a 0.0 0.0
AGORA tSZ x CIB 0.3 —
Broad . prior 0.0 —
AGORA CIB x radio —-0.9 0.9
AGORA CIB x radio, §. =0 0.4 —
AGORA tSZ x radio —-1.5 1.2
AGORA tSZ x radio, &, =0 | —1.4 —

Table 4. Ax? = X2 iation — XPaseline for various foreground modification tests in the ACDM
cosmological model and for ACT DR6 data only. The preference for the modified model (in o),
computed using the likelihood-ratio test statistic, is also shown for modifications involving additional
free parameters. A negative value of the o preference indicates that the baseline model is preferred
over the modification.

A few of the models improve the x? of the fit. The 8. # Bp model, with one additional
free parameter relative to the baseline model, improves the goodness-of-fit by Ax? = 6.9,
corresponding to a 2.60 preference. Nevertheless, this is not statistically significant enough —
as defined in the criteria listed above — to trigger a model expansion and does not impact the
cosmological parameters. Future observatories such as the Simons Observatory (SO) [74, 75]
may be able to distinguish between . and 3,. Other models with additional free parameters,
such as 81 # BE and letting . vary, do not improve the fit at all.

4.2 Impact on ACDM + Ngg cosmology

A key extension of the standard cosmological model is to allow the effective number of
relativistic species, Neg, to vary. Neg quantifies the total energy density in light, relativistic
particles — such as neutrinos — in the early Universe. It reflects their contribution to the
radiation density during their relativistic phase which includes Big Bang Nucleosynthesis and
recombination, and is of interest because theories of particle physics beyond the standard
model often predict the existence of additional light particles. We repeat a subset of the
foreground extension tests for the ACDM+ Neg cosmological model, with figure 9 showing
parameter constraints for various tests, table 5 reporting constraints for additional foreground

parameters in tests of interest, and table 6 showing Ax? = X2 Liation — X%asehne for each test.
As in the ACDM case, modifications to the foreground model do not lead to significant

shifts in the cosmological parameters (with the exception of the aygy case, detailed below).
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Figure 9. ACDM+ N.g cosmological and foreground parameter constraints from various foreground
model modification tests. The black lines show the baseline results. The light purple, pink, cyan,
orange, blue, purple, and green lines show the results involving modifications to the tSZ template
shape, CIB and radio decorrelation, CIB SED, radio point source indices, CIB clustered template,
CIB x radio inclusion, and tSZ x radio inclusion, respectively. See the text for full descriptions of
each test.

No additional foreground parameters are found to deviate from their baseline values at a
statistically significant level, and no alternative model provides a better fit than the baseline.
These results reinforce the robustness of the baseline foreground model and its compatibility
with the ACDM+ Ngg cosmological framework.

4.3 Discussion of aysz

As discussed in L25 and above, the shape of the thermal SZ power spectrum component has
not been explicitly varied before ACT DR6. Different templates, with somewhat different
shapes affected by the exact modeling of the small-scale tSZ spectrum, have, however, been
adopted in different analyses. These can map into different values of the atgz parameter.
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Foreground Model New Parameter
(ACDM+Neg Cosmology)
Baseline sz = —O.44f8:%
(compare with agz = 0)
- TE/EE TE/EE *
Marginalize over oy / oy = —0.94"[8:3?
CIB r$i 500 > 0.898
decorrelation r$iB150 > 0.874
7"951&220 > 0.978
Radio "i0%320 = ——
decorrelation riadie = 0.97010926
Tradio -
150x 220
Be # By Be = 26153
Bp=18+£0.1
B # 87 By = —27750:
BE > -3.15
Marginalize over o, e = ——
AGORA CIB x radio €es = 0.067502
AGORA tSZ x radio §ys < 0.13

Table 5. 1D marginalized posterior distributions (with 68% confidence intervals or 95% upper/lower
bounds) on additional foreground parameters for several foreground modifications of interest, in the
ACDM + Ng scenario. These results are based on ACT DR6 alone.

For instance, ACT DRA4 used atgz = 0, but the R21 tSZ template (from [76]) is well
approximated by atgz = —0.2, while AGORA predicts a range of values for agy (from —0.3 to
—0.5) depending on the AGN feedback model.” Analyses of the sensitive ACT DR6 small-scale
temperature data show that marginalizing over the exact shape of the tSZ spectrum is now
necessary to extract robust cosmological constraints.

As can be seen from table 7, the ACT ACDM parameters shift by up to 0.3c when
allowing aigz to vary, with the most affected parameter being €2,h2. When including Neg,
and because of its strong correlations with densities and Hy, the shift is largest for Hy, Q.h?,
and Neg, all moving by 0.30. Even though these are smaller than the 0.50 limit set above,
the number of parameters affected led us to further investigate this issue and consider the
impact of aygz on the Planck + ACT DR6 combination, denoted P-ACT in L25 and used
extensively as the most constraining CMB dataset in L25 and C25. We should note that
this combination differs from the one introduced in section 3.2 as it combines a foreground-
marginalized “Planckey” dataset using Planck high-¢ data at ¢ < 1000 in TT and ¢ < 600
in TE/EE from the PR3 likelihood [3], as well as the low-¢ Planck temperature likelihood
and substituting in the Srol12 likelihood for low-¢ polarization. Table 7 summarizes the
P-ACT shifts in cosmological parameters when fixing azgz = 0. The tighter constraints on
cosmological parameters offered by P-ACT causes all ACDM parameters to shift by more

9Figure 23 of L25 explicitly shows how the tSZ power spectra for different BAHAMAS AGN gas heating
temperature models in AGORA are described by different values of aisz.
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’ Model (ACDM+Ng Cosmology) ‘ Ax? ‘ Pref. (o) ‘

atsz, =0 2.5 —1.6
Marginalize over a;E e -11.9 3.4

CIB decorrelation -1.7 0.5
Radio decorrelation —2.0 0.6

Be # Bp -5.9 2.4

Br + BE 0.0 0.0
Marginalize over a. 0.0 0.0
AGORA CIB x radio -0.7 0.8
AGORA tSZ x radio —-1.3 1.1

Table 6. Ax? = X2, iation — Xbaseline [OT Various foreground modification tests in the ACDM-+N.g
cosmological model. The preference for the modified model (in o), computed using the likelihood-ratio
test statistic, is also shown for modifications involving additional free parameters. A negative value of
the o preference indicates that the baseline model is preferred over the modification.

than 0.20, with two parameters crossing the 0.50 threshold: Q,h? (0.60) and ns (0.80). For
a ACDM+ N.g cosmology, both Q.h? and N.g shift down by 0.50.

Additionally, we find evidence for non-zero aygz in certain configurations, reaching 3.40
for P-ACT ACDM:

ACT, ACDM : aygz = —0.5370:22

(2.50)

ACT, ACDM + Neg : aysz = —0.4470%% (2.20)
(3.40)
(

P-ACT, ACDM : aygz = —0.64 +0.19

P-ACT, ACDM + Nug : asz = —0.5370%5 2.70) (4.1)

Figure 10 shows the 2D and 1D marginalized posterior distributions in the P-ACT ACDM
case for both the baseline and aygz = 0 foreground models, in particular highlighting the
positive correlations among aygz, k2, and ng. Since oysyz is negative in the baseline model,
the atgy = 0 variant results in an increase in these cosmological parameters. Appendix B
provides the full set of constraints on cosmological parameters in the atgz = 0 case for
both the ACDM and ACDM+Neg cosmological models, with both the ACT and P-ACT
datasets. It also compares spectra of individual components evaluated at the MAP from
the aigz = 0 case to the baseline case in figure 20. Specifically, setting aysz = 0 forces the
inferred tSZ spectrum to increase at high ¢. Because the tSZ effect and radio emission are
the two brightest foregrounds at 90 GHz (on small scales relevant to ACT), if one is changed
then the other should probably compensate; but due to the rigid Poisson shape of the radio
component, it cannot correctly absorb the full effect on the total power spectrum shape,
S0 Mg increases to compensate for this over-compensation of the radio emission (and other
damping-tail parameters also change, e.g., Q3h?).

It is worth noting that the parametrization adopted for the tSZ power spectrum in
equation (2.8) is empirical, chosen for its ability to capture a wide range of results from both
simulations and previous analyses, while retaining a simple form. Alternative parametrizations
of the tSZ power spectrum could potentially lead to additional shifts in the recovered
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Parameter | ACT | ACT | P-ACT | P-ACT
ACDM | N.g | ACDM | N.g
Hy -0.1 | —0.3 0.3 —0.4
Qph? 0.3 0.0 0.6 —0.2
Q.h? 0.2 —-0.3 | —0.2 —0.5
In10194, 0.2 0.0 0.3 —0.1
N 0.2 —0.2 0.8 —0.2
T 0.1 0.2 0.3 0.1
Neg — -0.3 — —0.5

Table 7. Shifts (in o) in cosmological parameters in the atgz = 0 foreground model relative to the
baseline model, for both ACDM and ACDM+ N,g, using both the ACT DR6 (“ACT”) and ACT DR6
+ Planck (“P-ACT”) dataset combinations.

B P-ACT ACDM Baseline
B P-ACT ACDM aygz =0
0.0228}+ PN
. (@
'D 4
< 0.0224} L
0.0
SLAL
3
—1.2¢
0.960 0.975 0.0224 0.0228 —1.2 —0.6 0.0

2
ng Oyh Qisz,

Figure 10. 2D and 1D marginalized posterior distributions in the ACDM model using the P-ACT
dataset combination for the baseline foreground model (blue), as compared to the foreground model
variation with aysz = 0 (red). Results are shown for the aigz parameter, as well as ny and Q,h?, the
two cosmological parameters having the highest correlation with atsyz.

parameters, although such shifts are expected to be comparable in magnitude to those
observed here.

Finally, as shown in table 4, the DR6 baseline model is a moderately better fit to the
DR6 data than the aygz = 0 model, with a x? improvement of 4.9 in the ACDM scenario and
2.7 in the ACDM+ Ngg scenario, both for one additional degree of freedom. These correspond
to a preference of 2.20 and 1.60 for the baseline model, respectively.
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4.4 Discussion of agTE/EE

The second largest shift in cosmological parameters is caused by letting a;FE/ EE (defined in

equation (2.18)) vary (while updating the priors on the amplitude consistently), with {,h?
increasing by 0.30. With dust being most relevant on large scales, the slope of its power
spectrum impacts the determination of the height of the acoustic peaks in the EE spectrum,
which is controlled by Q,h?. With ¢,,;, being smaller in polarization than in temperature
(600 versus 1000), a;FE/ " has a larger impact than agT. Indeed, there are no shifts on the

cosmology resulting from setting a;FT to a different value.

TE/EE

To further assess the impact of varying oy on cosmological parameters, the same
tests are repeated as for aygz. For ACT only, in ACDM+ Neg cosmology, Qh? shifts by
0.20. For P-ACT, the shifts are even smaller, at 0.1 for both ACDM and ACDM+ Neg.
In addition, as shown in figure 11, there is no statistically significant deviation of agTE/ EE
from its baseline value of —0.4 for any of these configurations, and it is therefore kept fixed
at this value in L25 and C25.

Even though marginalizing over agE/ EE yields a 3.40 improvement in the fit, this test
reflects an extreme and conservative scenario for the foreground model. Dust emission is
relatively faint in the 90 and 150 GHz ACT channels, and its influence is strongest on large
angular scales that ACT alongE(/iggs not probe. Lacking this large-scale sensitivity, ACT

cannot effectively constrain oy , as illustrated by the broad posterior in figure 11. In

contrast, [52] derived a tight constraint of a}E/ BB = _0.4240.02 using full-sky measurements
at 353 GHz. When restricted to a smaller patch in the southern hemisphere, [52] reports
an even smaller value: aI;E = —0.3 £ 0.08. The broad prior on the slope of the dust power
spectrum adopted in this test is therefore very conservative relative to the Planck constraints.
This situation differs from the case of a;gz, for which no comparable prior information

. TE/EE
exists. When ay /

is allowed to vary freely, the posterior peaks near —0.8, a value clearly
inconsistent with the Planck constraint. Nonetheless, even with such an extreme value, the
impact on cosmological parameters remains minimal, further justifying the decision to fix

ong/ PE i1 the baseline model.

4.5 Systematic uncertainty in DR6 ACDM foreground parameter constraints

The extensive foreground modeling tests conducted in this work not only demonstrate the
robustness of the cosmological constraints derived from ACT DR6, but also underscore the
uncertainty around some of these components, and the challenges involved in consistently
modeling foregrounds and comparing parameter values across different experiments. Here,
we estimate systematic uncertainties in the DR6 ACDM foreground parameter constraints by
assessing shifts in the parameters with different foreground models, as in figure 7. For each
foreground parameter, we first consider each of the tests that have been performed. Then we
narrow down the tests to those that result in a preference of > 1o over the baseline model
(as shown in table 4). Of the tests that pass that mild threshold (these tests are: allowing
variation of the dust template shape; allowing 8. # fp; allowing 3. # 8, with T; = 25.0 K
and inclusion of a tSZ x radio template), we take the maximum of the differences between
the central value of the foreground parameter constraint in each of the model variations and
the central value of the constraint in the baseline model as an overall systematic uncertainty
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Figure 11. Posterior distributions of a;FE/EE for ACT and P-ACT, shown for both ACDM and

ACDM + N.g cosmologies, when the parameter is allowed to vary. The dashed line indicates the
. TE/EE
baseline fixed value of oy =—04.

Parameter Central Value Statistical Uncertainty FG Model Systematic Uncertainty (FG Sys.)/Stat. Ratio

asz, 3.36 10.36—0.32 10.6—0.4 +1.67 —1.25
sz 1.42 +0.69—1.00 +1.0-0.2 +1.45 —0.20
a, 7.66 +0.34 +0.5-0.0 +1.47 —0.00
ac 3.71 £0.46 +0.0—-1.3 +0.00 — 2.83
B, 1.86 £0.10 +0.7-0.0 +7.00 — 0.00
Eye 0.089 +0.038—0.075 +0.00—0.09 +0.00 —1.20
sz ~0.51 10.21-0.19 +0.0—-0.1 +0.00 — 0.53

Table 8. Summary of parameter uncertainties, both statistical and from the foreground model
systematic uncertainty. The final column shows the ratio of systematic to statistical uncertainty,
separated for positive and negative errors.

on that parameter. This results in foreground parameter constraints with statistical and
systematic uncertainties shown in table 8.

We thus find that the systematic uncertainty is on the order of, or slightly larger than,
the statistical uncertainty on each of these parameters. For atgz, the upper systematic error
bar is driven by the AGORA tSZ x radio template inclusion, while the lower systematic error
bar is driven by allowing 3. # 3,. For axsz and f., the upper systematic error bar is driven
by allowing 8. # B3,. The lower systematic error on ayxsz is driven by the inclusion of the
AGORA tSZ x radio template. This underscores the strong sensitivity of SZ constraints to the
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assumed foreground model and highlights the difficulty of comparing individual parameter
values across different analyses without accounting for the specifics of the modeling framework.

For ac, &y, and sz, the lower systematic error bar is driven by allowing 8. # p. For a,
allowing . # B, drives the upper systematic error. We note in passing that the preference
for a nonzero value of aygy is relatively robust to the choice of foreground model, with the
systematic error being smaller than the statistical error.

From this assessment, we see that the foreground parameters can be quite sensitive to
the choice of foreground model. In particular, the inclusion of a tSZ x radio template is not
adopted in our baseline analysis or in the analysis for any other CMB experiment to date,
but as seen here, its inclusion can decrease the inferred value of aygy.

The impact of these foreground models on the 95% confidence upper limit placed on Az
is not negligible, but does not increase it significantly except for one case. The foreground
model that loosens the upper limit on Az.; the most is 8. # [,, increasing the limit to
Azei < 7.0. The model that pushes the upper limit the lowest is the inclusion of CIB xradio,
where the limit goes to Az < 3.1. The other foreground model variations yield upper
limits between these values, most sitting in a tight range just below the baseline ACT upper
limit of Az < 4.4; see figure 8 for a depiction of these results. The impact of foreground
modeling on reionization constraints stems from its influence on the allowed kSZ amplitude:
models that absorb or add small-scale power directly affect the room left for a reionization
kSZ signal, tightening or loosening Az, bounds.

5 Correlated, non-Gaussian sky simulations

Defining a model for the auto- and cross-frequency power spectra as done in section 2.1
involves making general assumptions about the form of the different foreground power
spectra, with associated free parameters for each component. If the data differ significantly
from the fiducial models, the free parameters of the sky model must be flexible enough
to absorb any discrepancies, while still yielding unbiased cosmological parameters from
the inferred CMB component of the TT, TE, and EE power spectra. In previous CMB
analyses [e.g., 3, 11, 77], tests of the power spectrum model generally involved simulating
all of the foregrounds as Gaussian random fields, usually generated with the same models
as used in the inference process, and often uncorrelated with one another.!® These are
significantly limiting assumptions, since in reality, many of the foreground fields are highly
non-Gaussian and correlated. Furthermore, given our imperfect knowledge of the microwave
sky, it is crucial to test analysis pipelines on sky models that differ from those being used
in the inference process.

In this and the following section, we test the ACT DR6 power spectrum and cosmological
parameter inference pipeline on realistic non-Gaussian simulations that feature correlations
amongst the sky components. We replicate the entire DR6 data analysis pipeline on the
simulations to show that we can recover the input cosmological parameters of the CMB
component in the simulations, in spite of having foregrounds that were constructed inde-
pendently of the models used in the ACT DR6 analysis. While non-Gaussian extragalactic

100ne important exception was the Planck Sky Model developed to test various Planck analysis pipelines,
which included some, though not all, of the expected correlations amongst various sky components [21, 22].
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simulations were used to test for biases in delensed spectra in ACT power spectrum analyses
in [78], this is the first end-to-end test of parameter recovery of its kind performed for a
modern CMB experiment.

We construct these simulations by synthesizing sky maps from models of the relevant
Galactic and extragalactic components, which are evaluated with the ACT passbands, beams,
and systematic effects. The Galactic components are generated with PySM [17, 18, 79], and
include thermal dust, synchrotron, and AME. The extragalactic components are built from
the AGORA simulations [19], and include the CMB, CIB, radio source emission, tSZ, and kSZ
(all gravitationally lensed). Additionally, we add a realization of the reionization kSZ effect
from [38]. The Galactic and extragalactic component models are described in section 5.2
and section 5.3, respectively.

This section focuses on a description of the simulated maps as well as a description of
how the simulations are processed and the power spectra are computed. Section 6 discusses
parameter recovery using the simulations.

5.1 Simulation pipeline overview

Maps of each individual Galactic and extragalactic component are produced with the DR6
passbands using the HEALPix pixelization scheme [80, 81] in Galactic coordinates, at reso-
lution parameter Ngqe = 8192 (= 0.43 arcmin pixels). To prevent aliasing effects, prior to
transforming to harmonic space, pixels with flux density greater than 100 mJy in temperature
at 150 GHz (34 pixels for the CIB map and 2276 pixels for the radio map) and their immediate
neighbors are set to zero. The maps are then transformed to harmonic space, where they
are convolved with the beams. The maps are then rotated into equatorial coordinates, and
then reprojected to the CAR pixelization scheme using pixel1!! via the DUCC Spherical
Harmonics Transforms tools.'? Noise is added using the DR6 mnms noise simulations [82].
Finally, sources are subtracted following the procedure described in N25.

We generate 10 different sets of simulations, each with a different CMB realization, but
with the same foregrounds and noise realizations. While the 10 unlensed CMB maps are
independent from one another and the rest of the foregrounds, they are each lensed by the
same lensing convergence map. From hereafter, one “set” will refer to one of these 10 sets
of simulations. For each set of simulations, we have 20 maps. The 20 maps consist of 5
detector array / frequency pairs (PA4 220, PA5 90, PA5 150, PA6 90, and PA6 150), with 4
different noise splits for each. Here PA stands for Polarimeter Array. Finally, we compute
all auto- and cross-power spectra for each set using PSpipe.'® The full power spectrum
computation pipeline is described in section 5.8.

5.2 Galactic components

For the Galactic component models from PySM, the d10, s5, and al models are adopted for
dust, synchrotron emission, and AME, respectively. These are components of the “medium
complexity” model proposed by [18], described by small-scale extrapolation in both amplitude

Yhttps://github.com/simonsobs/pixell.
2https://gitlab.mpcdf .mpg.de/mtr/ducc.
Yhttps://github.com/simonsobs/PSpipe.
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and spectral parameters. We do not include free-free or CO line emission in the simulations.
For more detail on the d10 and s5 components, see [18], and for more detail on the al
component, see [17].

The d10 dust map is modeled as an MBB, based on Planck generalized needlet internal
linear combination (GNILC) maps in intensity [83]. The d10 model adds random small-
scale (¢ > 100) fluctuations to the templates, which are computed using a polarization
fraction tensor formalism, such that they are moderately non-Gaussian. The fluctuations
are modulated by the large-scale emission before being added to the large-scale template,
such that they inherit some of the larger-scale amplitude structure of the maps. In terms
of frequency scaling, an MBB spectrum model is assumed, with 84 and Ty on large scales
fixed to the values from the PR2 GNILC maps [83]. On small scales, the frequency scaling
is modulated by the large scales.

The s5 synchrotron model uses a power-law scaling with a spatially variable spectral
index. For temperature, the template used is from [84], derived from the reprocessed Haslam
408 MHz map [85], and for polarization, the template is from the WMAP 9-year 23 GHz
map [86]. Small-scale (¢ > 38) fluctuations are added to both in a similar way as done for
the dust. In terms of frequency scaling, a power-law model is assumed, with the large-scale
frequency scaling having a fixed power-law index (5. It is based on the spectral index
map of [87] (produced by combining the [85] 408 MHz intensity map with WMAP 3-year
K-band data [88]), rescaled in variance to match the S-PASS power spectrum [89], then
extrapolated to small scales.

The a1l AME model uses the Commander code [90] to model the emission as coming
from two spinning dust populations. For each population, the SpDust2 code [91] is used
to generate the emission law. One population is assumed to have a spatially varying peak
frequency, while the other population is assumed to have a spatially constant peak frequency
but nonetheless with an overall spatially varying emission template. Small scales are added
in temperature. The model assumes that there is no polarized AME.

5.3 Extragalactic components

The AGORA simulation suite is used for the extragalactic components, including the lensed
CMB, CIB, radio emission, tSZ effect, and late-time kSZ effect. For more detail on each
component, see [19].

For the lensed primary CMB, unlensed CMB maps are first generated following [92].
LensPix [93] is then used to deflect the maps with the lensing convergence field x, where
the lensing field is generated either via the Born approximation or multi-plane ray-tracing.
Here we use simulations generated via the ray-tracing approach.

The CIB is modeled in detail on a galaxy-by-galaxy basis (see [19]), with each galaxy’s
infrared SED modeled as an MBB with a power-law transition, meaning that the MBB is
multiplied by a power-law at high frequencies. The galaxy field itself is created using the
UniverseMachine catalogs [94], with the CIB model parameters coming from the best-fitting
to the auto- and cross-power spectra from [43].

The tSZ maps are generated by inferring gas pressure and density profiles from a
hydrodynamic simulation, and pasting the profiles onto halos with mass Mj; > 102h=1 M
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in the lightcone. The thermodynamic profile fits are made to the BAHAMAS simulations [37]'4
using the formalism from [95]. The map included here is that derived from the pressure
profile model obtained with AGN gas heating temperature 10%° K in BAHAMAS.'?

For the kSZ maps, the ionized gas density profiles inferred from fits to BAHAMAS are
used to estimate the electron number density, which is then multiplied by the pixelized
particle velocity maps to obtain the kSZ field in a given density shell. The differential kSZ
temperature maps are integrated for shells up to z = 3 to obtain the full late-time kSZ map.

Importantly, as all of the above components are computed from the same large-scale
structure simulation, they are all realistically correlated.

In addition to the above components from the AGORA simulation suite, a Gaussian
realization of the reionization kSZ power spectrum is included, computed using the kSZ
power spectrum from [38].

5.4 Passbands

Maps of each individual Galactic and extragalactic component are produced using the
truncated DR6 passbands [96]. We use the PA4 220 passband, the PA5 f150 passband, and
the PA6 f090 passband (note that PA4 £220 is the only 220 GHz channel in the ACT DR6
dataset, but there are other 90 and 150 GHz channels; for simplicity we adopt a single f090
and a single f150 passband here). Thus, after integrating individual component signals over
the passbands and summing all the components, we have a total of five maps per set. We
note that we do not use chromatic beams in the passband integration here for simplicity; the
lack of chromatic beam use is accounted for in the downstream analysis.

5.5 Beams

We apply coadded beams to each map [33]. In order to mimic the real data as closely as
possible, we use all detector array and frequency pairs for the beams: PA4 220, PA5 {090, PA5
150, PA6 090, and PA6 f150. However, we only have three bandpassed maps from before the
beam application (PA4 {220, PA5 f150, and PA6 f090). To produce the full set of five maps,
we apply the beams for each array to the corresponding frequency map. For example, for the
150 GHz bandpassed map, we apply the PA5 f150 beam to obtain the final PA5 f150 map,
and the PA6 f150 beam to obtain the final PA6 {150 map (even though the map itself was
generated using the PA5 150 passband). Note that this may lead to a mismatch in the applied
beam and the passband used, but we account for this difference when computing the spectra.

We note that we apply the coadded beams instead of the per-split beams for computational
efficiency since the differences in the per-split and coadded beams are extremely small [33].
Figure 12 shows the normalized beams used in the simulations.

Yhttps://wuw.astro.ljmu.ac.uk/~igm/BAHAMAS/.

15We note that the tSZ power spectra computed from the AGORA-based BAHAMAS models have mild differences
with respect to the tSZ power spectra computed directly from the BAHAMAS simulations, which affect the maps
on large scales; this does not impact our results, as the AGORA maps still represent a plausible model of the
tSZ field, suitable for testing our CMB parameter inference pipeline.

— 37 —


https://www.astro.ljmu.ac.uk/~igm/BAHAMAS/

1.0

—— pa4 1220
— pab 090
08 | \ —— pab {150
pab 090
pab £150
0.61
)
0.4
0.2
0.0 - T e
0 5000 10000 15000 20000

14

Figure 12. Coadded beams used for production of the simulations, for each detector array/frequency.

5.6 Noise

Noise simulations are generated with mnms [82] (also see [27] for updates to the methodology).
We employ a tiled noise model based on [97], which uses interleaved tiles on the sky. The
model is still Gaussian in the sense that it is fully defined by a covariance matrix, but it is
more complicated than typical Gaussian distributions encountered in CMB analysis. For
instance, rather than being diagonal in the spherical harmonic basis — as is the case for
the primary CMB — or the pixel basis — as is the case for white noise — the model is
diagonal in the tiled, two-dimensional Fourier basis. As a result, the simulated noise contains
non-trivial properties: its correlation structure is directional or “stripy,” and the character of
this structure is a function of position on the sky. In addition, the overall noise power also
varies with sky position on both large and small spatial scales. The complicated structure of
the noise is due to the interplay between the spatial variations of the scanning pattern of the
telescope projected on the sky, the instrumental noise and fluctuations in the atmospheric
emission [98, 99], which act as the dominant source of noise at large angular scales in the
maps. Since the mnms simulations are band-limited to £ = 10800, we fill in smaller scales
with white-noise realizations drawn using the DR6 inverse-variance maps.

Noise simulations are generated for each array-band, but the noise realizations are
consistent across the 10 sets of simulations, i.e., each set of simulations has a separate CMB
realization but the same noise realizations as each of the other sets. The noise realization is
kept the same across sets for computational simplicity, since changing the noise in each set
would require rerunning the source subtraction procedure on each set independently.

5.7 Source subtraction

Point sources are subtracted in the same way as in the DR6 data pipeline (N25, L.25). We
subtract point sources with a flux density cut of 15 mJy at 150 GHz.
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Figure 13. Example comparisons of spectra from the full simulations (blue) with the DR6 data
(orange), shown for three example array-band combinations. Each of the spectra is computed using
cross-spectra for noise-debiasing (thus why the EE spectrum is negative at some multipoles). The
shaded gray band denotes multipoles that are not used in the likelihood analysis. The blue and orange
curves are not expected to match since the simulations are constructed independently of the DR6
data and foreground model.
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Parameter o Shift from Input o Shift from Input
(Extragalactic-Only Sims) (Full Sims)

Qch? —0.25 —-0.27
Oph? —1.72 —1.86
In 1010 A; —-1.39 —1.45
Ng —0.20 —0.02
Hy —0.40 —0.43
Treio —0.38 —0.38

Table 9. Average shift (in o) of central values for cosmological parameters from the input true
parameter values. The average is computed over the 10 simulation sets, each of which have differ-
ent CMB realizations but the same foreground and noise realization. Results are shown for both
extragalactic-only simulations and full simulations (containing Galactic components as well).

5.8 Power spectra computation

Spectra are computed with PSPipe, in the same way as in the DR6 data pipeline (see L25),
which follows the general approach from [11]. Window functions used for temperature and
polarization are the same, based on the edges of the survey, a Galactic mask, and point source
mask obtained from the source subtraction procedure. Windows and beams are deconvolved
using the standard MASTER approach [100]. We do not apply any leakage or aberration
corrections since these effects were not included when producing the simulations. To avoid
noise bias, power spectra are computed from independent splits of the simulations. This
results in fifteen spectra for T'T, using all five array-bands; ten for EE, using four array-bands
(all excluding PA4 220); and sixteen for TE/ET, again using four array-bands (all excluding
PA4 220). For the power spectrum covariance, we use the same covariance matrix that is used
for the DR6 data [27]. For more details on the power spectrum computation pipeline, see L25.
Figure 13 shows examples of spectra computed from the simulations, compared with
the true DR6 data power spectra. We do not expect these spectra to be identical, since the
simulations were constructed independently of the DR6 data and foreground models.

6 Parameter recovery on correlated, non-Gaussian simulated maps

6.1 Parameter constraints from non-Gaussian extragalactic simulations

In this subsection, we demonstrate recovery of the input cosmological parameters on non-
Gaussian simulations including extragalactic foregrounds (tSZ effect, patchy (reionization)
kSZ effect, late-time kSZ effect, CIB, and radio emission) additionally to the CMB. We note
that the DR6 baseline foreground model does not contain a template for the patchy kSZ
effect, so this test serves also as validation of that assumption.

Parameter constraints are determined using the same input priors and settings as with
the actual DR6 data and as done for the results of section 4. We use each of the 10 different
simulation sets, noting that each set contains a different CMB realization but the same
foreground and noise realization. Thus, the use of 10 simulation sets is just an assessment
of the cosmic variance of the CMB. Figure 14 shows the 1D posterior distributions for
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Figure 14. 1D marginalized cosmological parameter constraints (with a linearly scaled y-axis) for
simulations containing only the CMB and non-Gaussian extragalactic foregrounds. Results are shown
for 10 simulations (blue), each of which have independent CMB realizations but the same foreground
and noise realizations. The dashed black line shows the true cosmological parameters that are inputs
to the simulation. This collection of parameter shifts is consistent with expectations for a single
realization of the simulated data, implying that the single realization of the foregrounds and noise,
rather than the cosmic variance, dominates the shifts in the output parameters from their input values.

cosmological parameters for each of the 10 sets of simulations. The average (over the 10
sets) shifts in o from the input cosmological parameters are shown in table 9. Overall, we
find that all of the parameters agree with the inputs within 2¢. This is a strong test of our
parameter recovery from the non-Gaussian simulations, particularly since the simulations
include the exact same noise and foreground realizations, and hence this estimate does not

include stochastic variations in these components.

6.2 Parameter constraints from full non-Gaussian simulations

Next, we consider non-Gaussian simulations containing the CMB, as well as both extragalactic
and Galactic components.

In this case we change the prior on dust amplitudes from that used in the DR6 baseline
model, in order to more closely match the procedure used in the real analysis. We use the
same standard deviation in the dust prior as in the runs with actual data. The central value,
however, is determined as follows. We generate a 353 GHz dust-only map (using the PySM
d10 model, evaluated with the Planck passband). We compute the spectra using the same
mask (survey edges + Galactic mask + point source mask) that is used in the simulations.
We set the central value of the dust priors to the dust amplitudes aff Y from equation (2.18)
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Figure 15. Same as figure 14 but from simulations including both extragalactic and Galactic fore-
grounds.

in TT, TE, and EE, at the pivot multipole {5 = 500. We obtain the following best-fitting
values in uK? for TT, TE, and EE, respectively: 8.3, 0.24, and 0.14 (for comparison, the
DR6 data runs set these central values to 8.0, 0.42, and 0.17 from equation (2.21)).

We note that the only Galactic component included in the baseline DR6 foreground model
is the dust. Thus, including synchrotron emission and AME in the simulations is a non-trivial
test that our parameter constraints are insensitive to the presence of these components.

The resulting cosmological parameter constraints are shown in figure 15. The average
(over the 10 sets) shifts in o from the input cosmological parameters is shown in table 9.
Again, we find that all of the parameters agree with the inputs within 20, demonstrating
good agreement with the inputs.

Figure 16 shows the foreground parameters obtained from the full simulations. We find
that the aygyz parameter is critical to allowing enough flexibility for this agreement, as it is
observed to be robustly nonzero. From constraints with the simulations, we see that the mean
atgz value is found to be —1.18, averaged across simulations. This is a larger magnitude
than what is found from the DR6 data, or from fitting the AGORA tSZ power spectrum alone,
but likely arises due to degeneracies with other foreground parameters in the simulations
(figure 19 shows such degeneracies from the DR6 data).

We emphasize that appearance of deviations from the input CMB cosmological parameters
are likely due to fluctuation rather than bias. This is because of the use of a single realization
of each foreground field and noise. Simple statistical tests show that the observed parameter
shifts from their input values are consistent with expectations for a single realization of the
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Figure 16. 1D marginalized foreground parameter constraints for simulations containing the CMB
with both non-Gaussian extragalactic and Galactic foregrounds. Results are shown for 10 simulations
(blue), each of which have independent CMB realizations but the same foreground and noise realizations.
Here, assz, atsz, and axgz are SZ parameters; ap, Bp, ac, and 3. are CIB parameters; a; and 3, are
radio parameters; aj L, alf and afF are dust parameters; and ¢ is the tSZ-CIB correlation. Dotted
gray lines show the mean values from the DR6 data. Importantly, these are not the true inputs to the
simulations. These are here to show how much variation is possible in these parameters — the model
we fit in power spectrum analyses and current state-of-the-art inputs in complex simulations can be
very different. Dotted lines are not shown for the dust parameters, which are prior-dominated in the

ACT DR6 inference, and aESE, where there is only an upper bound from the DR6 data.

simulated data. In theory, the foreground and noise realization could be changed too, but we
do not explore that avenue here. It is computationally expensive to produce new foreground
realizations, and new noise realizations would require redoing the source subtraction procedure
on each set of simulations, as the noise impacts detection of sources.

6.3 Understanding fits to foregrounds

In this subsection, we compare the power spectra of the input foreground simulations to
the output foreground models evaluated at the MAP parameter values. The input power
spectra are computed by processing individual foreground fields (which have been beam-
convolved) through the full power spectrum pipeline, including effects such as masking. As
done above, to obtain the MAP of the fits we use a cobaya minimization routine and the
resulting parameters are used to evaluate the output foreground models. Figure 17 shows
spectra of individual component fields that went into the simulations (“inputs”) and the
MAP model of each component (“outputs”).
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Figure 17. Example power spectra of individual component fields in the non-Gaussian simulations,
for array-band pairs pa6 f090 x pa6 090 (top row), pa6 f090 x pa5 f150 (second row), pa5 f150 x pab
£150 (third row), and pad 220 x pad {220 (bottom row). Solid lines show “inputs” to the simulations
(processing individual foregrounds through the full power spectrum pipeline). Dashed lines show
the model “outputs,” the foreground models in the DR6 likelihood evaluated at the MAP of the fit
to the simulations. The black line shows the total power spectrum of the component fields (CMB
plus foregrounds, not including noise). For the CIB x tSZ component, the absolute value is shown.
The sign of the CIB x tSZ cross-correlation changes at high ¢ in the inputs, a feature of the AGORA
simulations. Here rkSZ is the reionization kSZ effect. The shaded gray band indicates multipole values
that are not used in the likelihood analysis. In TT, the input AME and synchrotron emission lie well
below the dynamic range of the plot shown and are omitted for clarity of the other components.
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We note that, formally, our best-fitting model is not actually a good fit to the simulations,
with the total CMB + foreground power spectra being mildly underestimated at some
frequencies and overestimated at others. However, we first note that only the MAP is shown,
while the actual predictions can have significant scatter. Moreover, as shown in L25, the
model fits the actual DR6 data very well, indicating that the worse fit here is likely due
to the simulations rather than the model itself. The worse fit to the simulations can be
attributed to various differences between the DR6 foreground models and the components
of the simulations. First, various foreground fields used in the simulations have nontrivial
SEDs that differ from the fiducial models, and may even vary as functions of £ in the case of
the dust field. Figure 18 shows the frequency scaling of some of the foreground fields in the
simulations, versus the inferred frequency scaling based on the output foreground models
evaluated at the MAP. There is also (a small amount of) decorrelation across frequencies for
the CIB, radio, and dust components, which is not accounted for in the foreground model
(though tests from section 4 show that including parameters for these decorrelations results
in negligible shifts in cosmological parameters). For the CIB input to the simulations, the
decorrelation is only on the order of half a percent. For radio, it is around 2-6%. For dust,
it is around 2-9% in TT and 1-2% in EE. We note that these decorrelation percentages
are only for the ACT frequencies from 90 to 220 GHz and may be larger for experiments
with larger frequency coverage. Here the largest decorrelation is between the 90 and 220
GHz channels. Overall, it is difficult to find an MBB (power-law) that is a good fit to the
CIB (radio emission) at all array-band pairs.

There are a few interesting features in figure 17. First, the DR6 model does not include
foreground models for the reionization kSZ effect, AME, or synchrotron emission, and thus,
dashed output lines are not shown for those components. For the late-time kSZ effect, the
MAP of the model has axgz = 0, and so no dashed output line is shown for that component
either. However, we note the full posterior distribution on axgz encompasses a range of
nonzero values.

Additionally, the overall inferred tSZ template lies above the input tSZ power spectrum.
At low £, the CMB is so dominant that there is very little sensitivity to the tSZ effect. At
scales beyond ¢ ~ 3000, we have more sensitivity to the tSZ effect, and in this region, the
inferred model is a much better match to the input tSZ power spectrum.

Another feature is the tSZ-CIB cross-correlation. In the AGORA simulations, this cross-
correlation changes sign at high ¢. Since this sign change is not physically motivated, the
DR6 template does not account for such a change, and the recovered output differs from
the input power spectrum.

In the TE power spectrum, the CMB is dominant, with small contributions from polarized
radio sources and dust and synchrotron emission. Finally, in the EE power spectrum, the
MAP of our model has aI];:SE = 0 (the radio point source EE amplitude is not detected), so
no dashed output line is shown for the EE radio component. As with the late-time kSZ
effect, the full posterior distribution, however, encompasses a range of nonzero values for this
amplitude. The actual input spectrum to our simulations has aESE = 0.03, in the tail of the
recovered distribution from the full fit. The EE point source amplitude in these simulations
is thus not detectable at our current sensitivity. This is consistent with the non-detection

,45,



CIB TT (Solid = AGORA, Dashed = MAP) Radio TT (Solid = AGORA, Dashed = MAP)

101 4

S R

Z 100 = S Vi

2% 1

Y T N ]

1071 B N o
2000 4000 6000 2000 4000 6000
l 12
Dust TT (Solid = PySM, Dashed = MAP) Dust EE (Solid = PySM, Dashed = MAP)
10! 10! pad £220 x pad 220 -
\—\ —— pad £220 x pa3 150
o fTrmmmmmmmommmmmmmmmmomommmmomoomooooooomoes R pad 220 x pa6 f090 ~
3 = pas f150 x pa5 f150
?_é :é pa5 150 x pa6 f090
;‘% ---------- o % -------------------------- —— pab {090 x pa6 {090 |
2 100 R [ e ———
=7 A
Q Q
~ ~
e R e L T T ——— R TS
Q S
2000 4000 6000 2000 4000 6000
l 14

Figure 18. Frequency scaling of foreground fields in the non-Gaussian simulations: the CIB, radio,
and dust in TT, as well as dust in EE. Plotted are the ratios of D, at various array-bands to D,
evaluated at the PA5 f150 array-band. Solid lines show input spectra to the simulations (AGORA for
CIB and radio and PySM for dust) normalized by the PA5 {150 simulation input. Dashed lines show
the recovered output foreground models, evaluated at the MAP, normalized by the PA5 f150 MAP
output. We note that there is no free SED parameter in the DR6 foreground model for dust.

in the real DR6 data, where the 95% upper limit is 0.04. Thus, if the true EE point source

power is at the AGORA-predicted level, then it is likely that upcoming experiments like the
Simons Observatory can detect it.©

7 Conclusion

In this work, we have described in greater detail the baseline ACT DR6 foreground model
from 125, detailing the DR6 models for Galactic dust, the tSZ and kSZ effect, the CIB, radio
galaxy emission, and cross-correlations between these components. We have summarized the
L25 constraints on the model parameters from the ACT DR6 multi-frequency observations
and further checked that the model (where meaningful comparisons are possible) is consistent
with other data from Planck and SPT. In particular, from our constraint on the kSZ power
spectrum, we derived conservative limits on the duration of reionization of Az, < 4.4,
but with some dependence on the assumed median reionization redshift and on the other
foreground templates. We have further described tests from L.25 on an extensive suite of
foreground modifications, extending the baseline model with additional free parameters,

However, the point sources may also be suppressed via masking.
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new or modified foreground templates, and modified fiducial values. In all cases, the ACT
DR6 cosmological parameter constraints shift by less than 0.50, and typically significantly
less. Finally, we have constructed realistic non-Gaussian microwave sky simulations, with
correlations amongst the various fields. We have shown that we recover the input cosmological
parameters of the CMB component within 1o in most cases, with the largest deviation at
1.90 (noting that the distribution of deviations is consistent with results expected from a
single simulation, and indeed only one foreground realization is available, and that the same
noise realization is used in each simulation).

From a foreground cleaning perspective, the current models describe the DR6 sky
acceptably well, but in L25 and further described here, we have seen that the sensitivity
of the DR6 data has necessitated adding the atsz parameter, which describes the scale
dependence of the tSZ power spectrum. Future high-sensitivity experiments like the Simons
Observatory [74, 75] may thus require even more complexity in features such as the CIB
SED and the shape of the tSZ template in order to obtain unbiased cosmological parameters
from the CMB.

Although the DR6 foreground model is sufficient for the goal of recovering cosmological
parameters, figure 7 shows that foreground parameter constraints can vary non-negligibly
depending on the specific foreground model used. Thus, astrophysical interpretation of the
foreground parameters must be done with care. For example, in some cases the kSZ power
spectrum is detected at non-zero values, while in other cases it is only an upper bound.
Similarly, the tentative evidence for a steepening of the tSZ spectrum slope at small scales
warrants further investigation and future observations.

This work has primarily focused on foreground cleaning for the primary CMB, but there
is also rich science to be done with the component foreground power spectra [e.g., 55, 101]. As
an example, we have used our kSZ limits to obtain a limit on the duration of reionization. We
expect significant gains in the signal-to-noise ratio for these measurements in SO [75], CMB-
S4 [102], CCAT [103], and CMB-HD [104]. With these future datasets, we anticipate that
degeneracies can be further broken, hopefully yielding a high signal-to-noise ratio detection
of the kSZ power spectrum and improved constraints on other foreground parameters.

Acknowledgments

We thank Yuuki Omori for generation of and ongoing help with the AGORA simulations. We
thank Chris Cain for discussion around the kSZ-based inference of the duration of reionization
in section 3.1.2. Several software tools were used in the development and presentation of
results shown in this paper, including HEALPix/healpy [80, 81], numpy [105], scipy [106],
matplotlib [107], and getdist [26].

BB acknowledges funding from two Horizon 2020 ERC Starting Grants, CMBForward
(PI: Erminia Calabrese, Grant agreement No 849169) and the SCIPOL project!'” (PI: Josquin
Errard, Grant agreement No. 101044073). KS is supported by the National Science Foundation
Graduate Research Fellowship Program under Grant No. DGE 2036197. JCH acknowledges
support from NSF grant AST-2108536, the Sloan Foundation, and the Simons Foundation.

"https://scipol.in2p3.fr.

— 47 —


https://scipol.in2p3.fr

ZA acknowledges support from NSF grant AST-2108126. EC and HJ acknowledge support
from the Horizon 2020 ERC Starting Grant (Grant agreement No 849169). SG acknowledges
support from STFC and UKRI (grant numbers ST/W002892/1 and ST/X006360/1). SJG
acknowledges support from NSF grant AST-2307727. This work was carried out in part at
the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the
National Aeronautics and Space Administration. R.H. acknowledges funding through the
NSERC Discovery Grant RGPIN-2025-06483. KM acknowledges support from the National
Research Foundation of South Africa. This work was supported by a grant from the Simons
Foundation (CCA 918271, PBL). NS acknowledges support from DOE award number
DE-SC0025309. CS acknowledges support from the Agencia Nacional de Investigacion y
Desarrollo (ANID) through Basal project FB210003.

This research used resources of the Advanced Research Computing at Cardiff (ARCCA)
as well as the National Energy Research Scientific Computing Center (NERSC), a U.S. De-
partment of Energy Office of Science User Facility located at Lawrence Berkeley National
Laboratory, operated under Contract No. DE-AC02-05CH11231. This research also used
computing resources from Columbia University’s Shared Research Computing Facility project,
which is supported by NIH Research Facility Improvement Grant 1G20RR030893-01, and
associated funds from the New York State Empire State Development, Division of Science
Technology and Innovation (NYSTAR) Contract C090171, both awarded April 15, 2010.

Support for ACT was through the U.S. National Science Foundation through awards
AST-0408698, AST-0965625, and AST-1440226 for the ACT project, as well as awards
PHY-0355328, PHY-0855887 and PHY-1214379. Funding was also provided by Princeton
University, the University of Pennsylvania, and a Canada Foundation for Innovation (CFI)
award to UBC. ACT operated in the Parque Astronémico Atacama in northern Chile under
the auspices of the Agencia Nacional de Investigacion y Desarrollo (ANID). The development
of multichroic detectors and lenses was supported by NASA grants NNX13AE56G and
NNX14AB58G. Detector research at NIST was supported by the NIST Innovations in
Measurement Science program.

We thank the Republic of Chile for hosting ACT in the northern Atacama, and the
local indigenous Licanantay communities whom we follow in observing and learning from
the night sky.

— 48 —



ACT

(DR6 model)

SPT

(R21 model)

SPT
(DR6 model)

ACT-SPT
(DR6 model)

ACT-plikey
(DR6 model)

ACT-SPT-plikey
(DR6 model)

Parameter

aisz 3.35+0.34  341+0.53  3.4940.37 3.5275:20 3.28 £0.34 3.467037
aysz 1.48797 2.7+1.0 < 1.90 <101 2.061058 1.347057
sz —0.537332 — —0.407038 —0.41+318 —0.6540.19 —0.524017
ac 3.69 +0.47 — 4.25+0.35 4.01+0.25 3.64 +0.44 3.93 +0.26
ahcT 7.65 + 0.34 7.02 4+ 0.24 7.66 + 0.33 7.06 + 0.24
asPT — 7.2610-13 6.97 +0.21 7.36 4 0.17 — 7.3840.17
Be 1.87+0.10 224118 2.0154£0.049 2.039+0.038  1.874 4 0.095 2.045 £ 0.038
By - L467018 - - - -
Eye 0.08870:0%  0.076700%  0.1157003 < 0.0400 0.099 + 0.053 < 0.0484
aACT 2.86 + 0.21 — — 3.14+0.15 2.89 +0.19 3.15+0.15
aSPT 1.031928 1.45+0.18  1.215+0.091 1.216 £ 0.088
Bs —2.783T0:0%  —2.751047  —2.407040  —2.632£0.054 —2.78175 (%) ~2.640 + 0.054

agPT,lfHalo
aEPT,2—Ha]o

0.82
2.3470:52

0.26
1.8270 5%

Xor 1591 (1651) - - 1601 (1651) 1595 (1651) 1608 (1651)
X%pT — 89.7 (88) 93.1 (88) 112.0 (88) — 114.5 (88)
XPlanek — — — — 1485 (1470) 1484 (1470)

Table 10. Marginalized constraints (68%) on the foreground parameters from the ACT DR6 and SPT
data and their combination with Planck at ¢ < 1000 in TT and ¢ < 600 in polarization. The goodness-
of-fit of the best-fitting models (with maximum posterior probability) is reported for the different
datasets, along with the number of data points in parentheses. These constraints are marginalized
over the 6 ACDM parameters (with a prior on 7) as well as over nuisance parameters.

A More details on consistency with SPT and Planck

Table 10 summarizes the best-fitting foreground parameters obtained from various combina-
tions of ACT, SPT, and plike, datasets. For comparison, we also include constraints derived
by fitting the foreground model used in R21 directly to SPT data. The differences between
these results and those originally reported in R21 primarily stem from our marginalization
over the six ACDM cosmological parameters, including the application of a prior on 7.

B Cosmological parameters for aisz = 0

In this appendix we show the full cosmological parameter constraints in the atgy = 0
foreground model variation in the ACDM and ACDM+ Ngg cosmological models, for dataset
combinations ACT and P-ACT. These are shown in table 11. Figure 19 shows 2D contours
comparing the baseline and atgz = 0 model foreground parameters, as well as key cosmological
parameters degenerate with aigy.

The parameter aigz primarily affects the high-¢ tail of the multi-frequency spectra. Since
the aysz = 0 model predicts slightly less radio emission in temperature than does the baseline
model, the inferred CMB power spectrum in that case must be increased to compensate.
This is shown in figure 20.
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Dataset Q.h? Oy h? In1010A4, N
ACDM

ACT 0.1242 £ 0.0020  0.02265 4 0.00016  3.057 + 0.013  0.9695 + 0.0073
P-ACT 0.1190 4+ 0.0012  0.02260 +0.00011  3.06270:912  0.9749 + 0.0036
ACDM+ N g
ACT 0.1150 £ 0.0046  0.02230 4 0.00023  3.032 4+ 0.017  0.926 + 0.021
P-ACT 0.1136 £ 0.0021  0.02217 4 0.00017  3.037 + 0.014  0.9551 + 0.0072
Dataset Hy T Nesr
ACDM
ACT 66.01 +0.75 0.057240.0057  3.044
P-ACT 67.81+0.51  0.062870:00% 3.044
ACDM+ N,
ACT 62.4+1.8  0.0524700005  2.47 +0.26
P-ACT 64.9+1.0  0.05871009%8  2.64+0.13

Table 11. Cosmological parameter constraints in the aysz = 0 foreground model variation in the
ACDM and ACDM+ Neg cosmological models, for dataset combinations ACT and P-ACT.
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Figure 19. Extension of figure 10, showing 2D and 1D marginalized posterior distributions in the
ACDM model using the P-ACT dataset combination for the baseline foreground model (blue), as
compared to the foreground model variation with aysy = 0 (red). Results are shown here for several
foreground parameters, as well as the cosmological parameters in figure 10.
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Figure 20. Comparison of the CMB and foregrounds (all in TT) evaluated at the MAP for the
baseline model (solid lines) as compared with the axgz = 0 model (dashed lines) for a few array bands
using only the DR6 data (the plots look very similar when using P-ACT instead of ACT alone). The
CMB power spectrum is predicted to be slightly larger in the aysz = 0 case as compared with the
baseline due to a decrease in predicted radio emission. The shaded gray band indicates multipole
values that are not used in the likelihood analysis.
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C Inclusion of CO templates

Rotational line emission from extragalactic CO has recently been investigated as another
signal present in the microwave sky [5-7]. Photons emitted via the CO(J — J —1) transitions
can be redshifted into our observed passbands, with CO sources spanning a broad redshift
range (z ~ 0—6). Since the spectral energy distribution of each line is nearly a delta function,
the CO emission amplitude is significantly suppressed by the passband width, making its
auto-correlation particularly challenging to detect in broad-band CMB observations. However,
the cross-correlation between CO and the CIB could be substantial, potentially comparable
in magnitude to the kSZ signal at some frequencies.

In [6], the authors used the AGORA simulations (described in section 5) to model the CO
emission by linking galaxy infrared luminosities to CO luminosity functions, calibrated with
observational data from submillimeter surveys. In this appendix, we explore the robustness
of parameter constraints with additions of CO and COxCIB templates, based on [6], which
contain three model variations: fiducial, steep, and shallow luminosity functions (LFs). The
COxCO and COxCIB power spectra are modeled as:

15T LF

D, cdxco = acoxcoDrcoxco Vi, V5) (C.1)
T:T; LF

Dz,lcéchB = “COxCIBDe,cowIB(Vz‘, Vj) . (C.2)

The templates DEEOXCIB and DkngCO are derived from [6] for the six different cross-
spectra and the three luminosity functions. They are then rescaled by an overall amplitude,
set to 0 in the baseline model. We study the impact of setting the amplitudes to 1 or allowing
them to vary. These amplitudes have no physical interpretation, and the templates strongly
depend on the simulations used to construct them.

Results are shown in figure 21. First, we note that the COxCO component, as expected,
has no impact on cosmological parameters and very little influence on foreground parameters.
For the COxCIB power spectra, we find that although it has negligible impact on the
cosmological parameters, it can shift foreground parameters by up to 2.70 (alT and 3 for
shallow LF). Qualitatively, we find that the shallower the luminosity function, the larger
the effect, which is in agreement with the numerical findings and analytic scalings that
are presented [6]. Marginalizing over the amplitude allows recovery of unbiased foreground
parameters, while having a non-zero best-fitting value for acoxcig. As shown in figure 22,
the best-fitting amplitude (and the associated uncertainty) is inversely proportional to the
steepness of the CO luminosity function and is consistently constrained to be different from
zero at the 2.1 level. The Ax? of each of these cases from the baseline are —4.1, —3.8,
and —4.0 for the fiducial, steep, and shallow variants, respectively. These correspond to
an approximately 20 preference over the baseline model, which is not significant. Notably,
this preference does not depend strongly on the template (steep, fiducial, and shallow) once
marginalized over an overall amplitude. This may be a tentative hint that the CO x CIB signal
should be modeled more carefully in future analysis. A more comprehensive investigation
of this effect and its modeling is left to future work.
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Figure 21. Cosmological and foreground parameter constraints (with 68% CL error bars) for various
foreground tests involving inclusion of CO x CO and CO x CIB templates. Constraints using the
baseline foreground model are shown in black, while the constraints from tests are shown in pink. See
the text for more detail on each of the tests.
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Figure 22. Posterior distribution for the overall amplitude of the CO x CIB templates for the
three templates in [6], corresponding to three assumptions on the CO luminosity function (LF). This

amplitude is set to one (grey dashed line) in [6].
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