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In order to extract information about inflationary gravitational waves using B-mode pat-
terns of cosmic microwave polarization anisotropy, we need to remove the foreground ra-
diation from the Milky Way. In our previous delta-map method for foreground removal,
the number of observation bands was limited to the number of parameters of the assumed
foreground model, and therefore it was difficult to improve the sensitivity by increasing
the number of observation bands. Here, we extend the previous method so that it can be
adapted to an arbitrary number of observation bands. Using parametric likelihood and
realistic foreground and CMB simulations, we show that our method can increase the sen-
sitivity to the tensor-to-scalar ratio r without inducing any significant bias.

Subject Index E63, F11, F14

1. Introduction

Precise measurements of linear polarization patterns of the cosmic microwave background
(CMB) provide us with plentiful information of our Universe [1-9]. In particular, a measure-
ment of the B-mode pattern in CMB polarization anisotropies is a key to detecting primordial
gravitational waves (PGWs) expected in the inflation scenario of the early Universe [10-14].
However, celestial sources also emit microwave photons with linear polarization that mimic the
cosmological B-mode, the so-called foreground emission, which disturbs the precise measure-
ment of the CMB B-mode [15]. The two representative foreground emissions in CMB polariza-
tion measurements are synchrotron and thermal dust emissions, which have different spectral
energy distributions from the black body and dominate at lower and higher frequencies, respec-
tively. Therefore, we can remove the foreground emissions using multiple-band observations
owing to their frequency dependences.

Many foreground removal and component separation methods exist to extract the cosmo-
logical B-mode signal, e.g., Commander [16], SEVEM [17], SMICA [18], NILC [19], and
GNILC [20]. Among these, we proposed a method called “delta-map” based on a linear com-
bination of the observed maps to remove the foreground components [21]. This method al-
lows the directional dependence of the frequency spectrum of foreground emissions up to the
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first order to be taken into account by considering the differences in the observation maps'.
Because the method uses one additional frequency map to eliminate the directional depen-
dence of one foreground parameter, the usable number of maps is limited by the number of
foreground parameters in the assumed model. Specifically, suppose that we assume one fore-
ground model with N parameters and CMB signal in all the multi-frequency maps. In this case,
the delta-map method requires one map for the CMB, one map for the zeroth (or spatially uni-
form) foreground parameter, and N maps for the first-order expansion of the N parameters;
we need exactly (2 + N) maps. This prevents us from obtaining improvement of the sensitivity
in observation by increasing the number of observing bands. More concretely, if we consider
a power-law synchrotron foreground model with one parameter 8, and a one-component dust
model with two parameters 8, and T, the number of observation bands should be exactly six.
This is a waste of resources since some future CMB missions plan to have plenty of bands; e.g.,
LiteBIRD will have 15 bands [26,27]. In this paper, we improve the method by constructing a
parametric likelihood in a Bayesian way so that more observation bands can be used.

The rest of this paper is organized as follows. In Sect. 2, we first review the previous delta-
map method that is based on the linear combination, and then derive a new delta-map method
based on a parametric likelihood. In Sect. 3, we explain the foreground models and simulations
used in this work. We show the results of the measurements of CMB parameters with some sky
simulation setups in Sect. 4. In Sect. 5, we discuss the results and conclude this work.

2. Methodology

We first introduce the delta-map method described in Ref. [21]. We decompose a linear po-
larization signal of a microwave component at a frequency, v, from a line of sight, 71, to two
orthogonal Stokes parameters, Q(77) and U (77), which we observe in thermodynamic tempera-
ture units. Let us vectorize all Q(72) and U (7) from all 71 in use and concatenate them into one
column vector as

5= (QG), ... Qliny). UGin). ..., Uling,) " (1)

where Npiy is the number of pixels in use and the subscript T represents a transpose.

The CMB signal is common in any frequency band except for beam effects of instruments,
and can be written as Scyp(v) = Scm. We assume that each frequency has each independent
Gaussian noise, Sy. A foreground signal varies in frequency space according to N parameters
that vary over the sky, o/ I =1,2,...,N), as

ST’](U) = gvDu(ﬁ{)‘ST;J’ (2)

where §}, is a signal vector at a pivot frequency in brightness temperature units, D, (p?) is a diag-
onal matrix with the same dimension as 5, and g, is the conversion factor from the brightness
temperature to the CMB thermodynamic temperature given by

(e —1) hv

with x = —— (3)

v = .
€XX2 kB TCMB

In this paper, we use the power-law synchrotron and one-component modified black body
(IMBB) models to fit the synchrotron and dust foreground emissions, respectively. The func-

A similar perturbative approach in multipole space has also been investigated in Refs. [22-25].
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tional form of one pixel of D, (p") for the power-law synchrotron is

b\ A
Dsin= () @

Sx
where v, is the reference frequency, which we set as v;, = 23 GHz, and B,(7) is the synchrotron
spectral index. The one for IMBB is

Ba(W)+1  x,.(7) _ 1
. . v e
DU(Ty(h), Ba(?)) = (;)

)

extl(;l) — 1 ’

where x4, (77) = kBT oy X xq(n) = kBT L T, (n) is the dust temperature, B,4(71) is the dust spectral
index, and we set v;, = 353 GHz.
The basic idea of the delta-map method is to consider a spatial variation of foreground signal

parameters up to the first-order expansion? as

gDV (75 = g Du(P)Sh + g X211 Dusyy (POIGH 0 5) + O, 6
where p’ represents the mean value of the parameter p’ over the sky, I is an identity matrix, and
“0” means a Hadamard product. Hereafter, we consider two representative foreground com-
ponents: synchrotron radiation and thermal dust emission. With these two foreground compo-

nents, the foreground signal is written as
Ny
S I\ oy - . 2
gD, (7) 5y =& D¢ (5" 1y + g0 Y DL, (B) 1 (85} 0 54) + O (5132 )
=1
NY 2
+ gD (F) 15+ 80 Y Dy (P 1(678 05) + 0 (7 (7)
=1
~ D5,
where the superscripts and subscripts “s” and “d” denote synchrotron and dust emission fore-
ground components, respectively, and N and N, denote the numbers of parameters for syn-
chrotron and dust foreground emissions, respectively. Here D, represents the frequency depen-
dence of the signals up to the first order § and is given by

ﬁv = (guD;l(ﬁg)I guDﬁ’ap(lI ([3[11)[ gvDi;lva:}/ (1351\[‘1)1 gvD‘L(ﬁﬁ)I gD (PS)I gvD}ivp}% (ﬁ?&)l>
®)
and, in the last line, we define the foreground signal vector as
S
570 5

—N —
dp, o Sq

5= 9
1 5 ©))
57105,
\67 o5,
In summary, we assume that the observed data can be decomposed as
m(v) = Sem + Doy + Sy (v). (10)

>The standard deviation of directional variation of foreground parameters considered in this paper is
less than 10% of the spatial uniform parameter. We can assume the second-order variation to be less
than 1%; hence we neglect higher-order terms.
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We need to observe the sky at multiple frequencies to remove foreground components using
its frequency dependence. When we observe the sky at N, frequencies, the total data can be
expressed as

Sn(vy)
i = DMBgeyp + DS, + S (11)
Sv(vw,)
where
mi(vy)
m= , (12)
m(vy,)
I D,
DMBE=|:] and D=| : | (13)
I D

vNu
This is the baseline expression of the “delta-map” method.
In Ref. [21], one frequency, v, was chosen as the CMB channel and other channels with

weights al = (aty,, ..., ayy ) were added to remove foreground contributions and to have a
cleaned CMB map as
— Vy, —
o Mycyy + i=vvz aimy,
mcec = - 14
e L4300 (9
with
[1,&"D = 0. (15)

The above equation can be solved only when the number of frequencies, V,, is equal to the
number of degrees of freedom, (N; + 1) + (N + 1) 4+ 1, where Ny and N, are the number of
parameters of the synchrotron radiation and thermal dust emission models, respectively. This
is the caveat and weak point of the previous delta-map method because we cannot increase the
sensitivity by increasing N,. We shall mitigate this point in the following sections.

Since the cleaned CMB map should contain only the CMB and the combined noise, we can
construct our likelihood as

—21n £ = iy C iems + In |27C, (16)
where the covariance matrix C is given by [21,28]
NVCMB + Z;}g)z aizNVi
Y 2 :
(1 + Ziiiz O‘i)
By minimizing this likelihood, we can determine a CMB parameter, r, and foreground param-
eters, pfj and pgf, where 1; € (1, ..., Ny) and [ € (1, ..., Ny). It is known that the determined
foreground parameters are biased when we use the full likelihood function [29]. We can avoid

the bias by using the x? term, namely, the first term of Eq. (16). Technically, the following iter-
ation scheme was adapted in Ref. [21] to determine both the CMB and foreground parameters.

C = r x (tens + Cscal 4+ (17)

2.1 Extended delta-map
In this section we introduce our method using a parametric likelihood. We describe the details
of the derivation in Appendix A.

4/20

€202 [4dy 90 U0 Jasn AS3(Q uoolyoukg usuoipie|g seyosineq Aq £16800./1L03EE0/E/£Z0Z/e101Me/de1d/woo dnoolwspede//:sdiy woly papeojumoq



PTEP 2023, 033E01 Y. Minami and K. Ichiki

Algorithm 1 Iteration algorithm of the minimization

Set initial values of p,/* and p,"

Fpre = 0O

Fout = le2

—2Lpre = 00

—2Lou = lel0

Set initial values of foreground parameters

while (—2Lpre + 2Lou) > le—=2 & (rpre — Four) > le—5do
FiX rou and minimize x2 term against p,/" and p,”
Fix foreground and minimize all the —2£ terms against 7oy
Set rpre With roy
Set —2Lpre With —2Lgy¢
Set —2L,u¢ with the minimized —2L

end while

Return rqy, pdﬂ, and p,”

We start from Eq. (11). By subtracting the CMB and foreground terms from the observed
maps 71, we can construct the likelihood of data as

~2In £ (ilsciip. 57, D) = (1 = DMy — f)s?,-)T N! (i = DMy — D3 )
+ In |27 N], (18)

where N = diag(N,,, ..., N, ) is a noise covariance matrix.
We use Bayes’ theorem to relate the posterior distribution to the likelihood as

P (S, 57, 7', S, 7 i)
£ (.5 D.39) - (5D 55

- P (171) ’ (19)

where SOCMB and S/ are covariance matrices of the CMB, Scump, and foreground signal, s:f,
respectively; p! represents the foreground parameters of both synchrotron and thermal dust
emissions; and P(7) is a normalization factor. Here we use a flat prior on p’ and have
P(ScmBs 5}, D(p'), SSMB, S7) o P(Scms, s:f SEMB, S7). We marginalize it over the CMB signal
assuming a Gaussian distribution,

—2P (Scw. SSMB) = 5T SEMB ™ e + In [27SSME| (20)
to have

= ~ >\ T _ N o

—2In P(7', 5,8/, SMBYi) = (i = D5;) (SM+N) ™ (i — D7)
+ In|2m (S 4 N)[ = 2In P (57, S/) + const., 1)

where SCMB — DCMBSOCMBDCMBT. This is Eq. (58) in Ref. [21].
From here, we deal with the P <§ S/ ) term. Our strategy is to marginalize the foreground

probability function, assuming that its mean is zero, f = 0, and its covariance is “vague”, §/~!
— 0. We follow the methodology described in Sect. 2 of Ref. [30] to deal with the “vague”
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foreground covariance matrix. Following the method, we obtain
_ . e B T
—21n P(5', SSMBJjii) = —ii T N~IDMBA-IDCMBIN 153

— MHM — MHB'HM

+ In[SSMB| 4 In ID'N"'D| + In | B| + const. (22)
where
| N+1
A=[Sf™ + Y N, (23)
=1
H=N"'D[D'N"'D] ' DN, (24)
B = A — DCMBTHDCMB, (25)
M = iii — DMBA-IDEMBIN i, (26)

and put the noise terms, 7' N7 + In |N|, into the const. term. For details of the derivation
of Eq. (22), see Appendix A. To determine the CMB parameter (r) and foreground parameters
(p"), we follow the same procedure, namely Algorithm 1, as in Ref. [21]. We set the initial values
of all parameters as r = 0.5, 8, = —3.0, B; = 1.5, and T; = 20.1 K. We set a lower bound on r
> (.0 so that the CMB covariance matrix is not singular and set boundaries on the foreground
parameters as 8 € (—10.0, —0.01), B, € (0.1, 10.0), and T, € (5.0, 40.0).

We obtain the “extended delta-map” likelihood as Eq. (22), which allows us to determine the
CMB and foreground parameters without the band number constraint. This likelihood has an-
other benefit. Because we use the “matrix inversion lemma” (Appendix B) in the derivation, we
can reduce the computational cost in using the Cholesky solver for SMB 4+ Nin Eq. (21), which
is a positive definite symmetric matrix with a dimension of 2N, N,. In Eq. (22), in contrast,
we only need to use the Cholesky solver for some positive definite symmetric matrices, ¢.g., B,
with a smaller size of 2Npix(Ng + Ny + 3).

Because the form of Eq. (22) looks so different from that of Eq. (16), one may suspect that
they are totally different methods. We find that estimated values of the parameters with this
likelihood are equivalent to those estimated from the previous delta-map method in the case
where N, = (Ny(=1) + 1) 4+ 1. We describe the comparison in Appendix C.

All of the numerical codes for the calculations above have been implemented in an
extended-deltamap GitHub repository’.

3. Models and simulations

We use simulations to validate our methodology. We use the “PySM” package [31] to produce
polarized synchrotron and thermal dust emission maps with direction-dependent spectral pa-
rameters. For the synchrotron map, we use the power-law synchrotron model, “s1”, which is
based on the Q and U maps from WMAP-9 [32] and the spectral index map from Ref. [33].
For the thermal dust emission map, we use the one-component modified black body (MBB)
model, “d1” [34], and the two-component MBB model, “d4” [35], both of which are based on
the Planck HFT results. Note that the results used the intensity map in addition to the Q and U
polarization maps, and the model adopted common foreground parameters 8, and T, for the

3https://github.com/YutoMinami/extended-deltamap.
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Table 1. Polarization sensitivity and beam size of the telescopes similar to the LiteBIRD mission [26].
The parameters in brackets are for the modified high-frequency model used in Sect. 4.4.

Frequency (GHz) Polarization sensitivity («K’) Beam size in FWHM (arcmin)
40 37.5 69

50 24.0 56

60 19.9 48

68 16.2 43

78 13.5 39

89 11.7 35
100 9.2 29
119 7.6 25
140 59 23
166 6.5 21
195 5.8 20
235 7.7 19
280 13.2 24
337 (500) 19.5 (67.8) 20 (13.7)
402 (600) 37.5(113.5) 17 (11.5)

QO and U Stokes parameters at each sky pixel. Cosmological CMB maps are generated using
the synfast function of the HEALPix package [36] from the power spectra calculated using
CAMB [37] with the Planck 2018 cosmological parameters for “TT,TE,EE+lowE+lensing” [2]:
Qph? =0.02237, Q.h* = 0.1200, h = 0.6736, T = 0.0544, A, = 2.100 x 10, and n; = 0.9649.
We generate CM B maps with some values of the tensor-to-scalar ratio, r.

We use experimental parameters such as frequency bands and angular resolutions similar to
the LiteBIRD mission [26] (Table 1). For the input noise, we assume white noise with a stan-
dard deviation of on = (77/10800)(w, /?/uK’) uK str='/2 [28], where we use the “Polarization
sensitivity” column of Table 1 for the values of wy, 12,

We incorporate the beam smearing effect from the finite angular resolution, whose full-width-
half-maximum (FWHM) values are given by the “Beam size in FWHM” column of Table 1,
by multiplying the spherical harmonics coefficients of the CMB and foreground maps by the
corresponding Gaussian beam transfer function for individual frequencies. In this paper, we
use the map resolution parameter of Ngq. = 4 and set €yux = 2Nsige. To ensure that the maps
are limited to low resolution, we follow the method described in Ref. [38]; specifically, we de-
convolve each frequency map and reconvolve all the maps with a Gaussian 2200 arcmin beam,
which is 2.5 times the pixel size of Ngge = 4. Even though our method can be applied to higher-
resolution maps, we choose Ngige = 4 (or £max = 8), which covers the so-called reionization
bump. Since we do not apply any delensing scheme, we cannot effectively increase the sensitiv-
ity to r because of the cosmic variance of the lensing B-mode. If we can increase £, further
to cover the so-called recombination bump, we could increase the sensitivity. However, such
high-resolution analysis is limited by our computational resources.

In Sect. 4.4, we will show the case in which the frequencies of the two highest-frequency bands
are increased. For that, we show the replaced parameters in brackets. The replaced polarization
sensitivity and beam size in FWHM are extrapolated using a power-law function.

Since our method approximates the directional dependence of foreground parameters up to
the first order, we need to mask the very bright Galactic plane. We follow Ref. [21] and use the
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Table 2. Summary of our analysis. Estimated r, values are from the 50th percentile. For ri, = 1.0 x 1072,
we use the (16th, 84th) percentiles for the uncertainties. For null r;,, we use the 95% C.L. as the upper
bounds. “(High)” indicates the result with the “modified high-frequency model”, where we increase the
frequencies of the two highest-frequency bands.

Number of bands Input synchrotron  Inputdust T, prior  ri, x 1072 Fout X 1072

3 s1 - - 1.0 1.00+018

9 s1 - - 1.0 0.99102

3 s1 ~ - 0.0 <0.12 (95% C.L.)
9 sl - - 0.0 <0.07 (95% C.L.)
4 - dl flat 1.0 0.95% )5

9 - dl flat 1.0 113704

15 s dl flat 1.0 0.96 05

15 s1 d1 lo 1.0 1081032

15 s1 d1 10-%0 1.0 1187103

15 s1 d1 flat 0.0 <1.15(95% C.L.)
15 sl d1 lo 0.0 <1.26 (95% C.L.)
15 (High) s1 d1 flat 1.0 1.401043

15 (High) s1 d1 lo 1.0 1411035

15 s1 d4 flat 1.0 2.007%

15 s1 d4 lo 0.0 2.197:%8

“P06 mask” by WMAP polarization analysis, whose fg, = 0.56. Since our method uses pixel
space maps, we do not apply any apodization to the mask.

4. Results

We apply our new method to simulated CMB maps with foregrounds. In the following sec-
tions, we show the results of estimating the tensor-to-scalar ratio » with CMB + synchrotron
(Sect. 4.1), CMB + 1MBB dust (Sect. 4.2), and CMB + 1MBB dust + synchrotron (Sect. 4.3)
maps. Recently, it has been shown that shifting the observation bands toward higher frequen-
cies can improve the determination of foreground parameters [27]. Thus, we show the results
of estimating the tensor-to-scalar ratio r, with the two highest observation frequencies given in
Table 1 shifted even higher, in Sect. 4.4. Finally, we show the results with the two-component
dust model as a case of mismodeling of the foreground emissions.
We summarize all the estimated r,, values for all the setups in Table 2.

4.1 Estimation with synchrotron radiation foreground only
In this section we consider the case where only synchrotron radiation is the foreground source.
Because we use a power-law synchrotron radiation model, we need at least three observation
bands to fit our parametric model. We first estimate the tensor-to-scalar ratio, r, and syn-
chrotron spectrum index, S, with three exact bands v € (40, 60, 140) GHz against input ry,
= 0.01. We show histograms of the estimated » and S, as blue boxes in the left and right panels
of Fig. 1 from 1000 realizations, respectively. The black vertical line shows the naive average of
the B, of the PySM input in the unmasked sky area.

We next estimate r and 8, with nine bands v € (40, 50, 60, 68, 78, 89, 100, 119, 140) GHz, and
show the histograms of the estimated r and S, in the left and right panels of Fig. 1 in orange,
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Fig. 1. Estimated rqy (left) and B (right) from 1000 realizations. Blue histograms show the estimates
with three bands and orange histograms show the estimates with nine bands.

rin =O-0

800 A

[ 1 3 frequencies
1 9 frequencies
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r

Fig. 2. Estimated r,, from 1000 realizations for null ry,. Blue histograms show the estimated results with
three bands and orange histograms show those with nine bands.

respectively. This is one of the main results of this paper showing that we are free from the
constraint of the number of bands that existed in the previous delta-map method. We find that
rand By are determined better by increasing the number of observation bands.

We show the results of the estimation of r,, for the case in which ry, is null in Fig. 2. We find
that r is constrained to roy < 0.12 x 1072 and 7oy < 0.07 x 1072 using three and nine bands,
respectively.
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rin=0.01
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1 9 frequencies

300 4 ]‘I:'
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o
1

counts/2.0e-3

100 4

50 A

0.00 0.01 0.02 0.03 0.04 0.05

Fig. 3. Histograms of estimated r from 1000 realization samples. Blue box shows the estimated » with
four bands. Orange box shows the estimated » with nine bands.

4.2 Estimation with thermal dust emission foreground only

Next, we consider the case where only the thermal dust emission is the foreground source. We
choose the one-component modified black body (1MBB) model as the foreground dust model,
for which we need at least four bands to fit our parametric model, and we set ry, to be 0.01.

We first estimate the tensor-to-scalar ratio parameter » and foreground parameters, 7,; and
Ba, with the four exact bands, v € (140, 235, 280, 402) GHz. We show the histograms of the
estimated rq, from 1000 realizations in Fig. 3. We find that the uncertainty on rqy, is large and
the lowest bin is dominant, which reflects the fact that we impose an r > 0 prior on r so that
SGMB is a positive definite matrix.

We show 2D histograms of the estimates of 7; and S, in the left panel of Fig. 4. We find
that foreground parameters 7,; and B, are not precisely determined with the four bands. The
undetermined foreground parameters cause the large error in estimating r.

This can be mitigated by increasing the number of frequency bands. We show the estimated
rout With nine bands, v € (100, 119, 140, 166, 195, 235, 280, 337, 402) GHz, in the orange his-
togram of Fig. 3, and the estimated 7,; and 8, with nine bands using the 2D histogram in the
right panel of Fig. 4. We find that we can determine foreground parameters well using nine
bands, and thereby we can determine r,,, more precisely.

4.3 Estimation with thermal dust and synchrotron foreground emissions

Finally, we consider the one-component modified black body dust and power-law synchrotron
as our foreground models, and estimate the CMB parameter, r, and the foreground parameters,
T4, Ba, and B;. We use all 15 bands in Table 1. Because we found that the number of bands is
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Fig. 4. 2D histograms of estimated dust parameters, 8, vs T, with four bands (left) and nine bands
(right).
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Fig. 5. Histograms of estimated ryy¢ from 1000 samples. (Left) 7oy histograms for input ry;, = 0.01. Blue,
orange, and green histograms show the estimated r, with flat, 1o, and 10~¢ priors on T, respectively.
(Right) 7oy histograms for input r;, = 0.0. Blue and orange histograms show the estimated ro,; with flat
and lo priors on T, respectively.

not sufficient to determine 7, we impose some priors, 7y = 21.8 & lo K and +1.0 x 1070 K,
on T,, where o is the standard deviation of the dust temperature measured by Planck [34].

The estimated r,, values are shown in the left panel of Fig. 5. We find that stronger con-
straints on T, lead to a more precise estimate of r,,. However, the 50th percentile is slightly
biased to positive, as shown in Table 2. We can see this bias in the estimation of r for null ry,,
as shown in the right panel of Fig. 5, which shows that r, is slightly biased to positive and the
upper bound with the 95% C.L. becomes larger (Table 2).

4.4  Modified high-frequency case
We next see the results with the modified high-frequency model, which increases the frequencies
of the high-frequency bands of telescopes.

To see the determination of foreground parameters, we show 2D histograms of 8, and Ty
for 15 normal bands and 15 modified bands in the left and right panels of Fig. 6, respectively.
We find that we can determine the foreground parameters precisely in the case of the modified
high-frequency model.
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Fig. 6. 2D histograms of T vs B, with 15 normal bands (left) and 15 modified high-frequency bands

(right).
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Fig. 7. Histograms of rqy from 1000 realizations for a flat prior and a 1o prior on T,;. The input ry, =
0.01 and the dust model is IMBB. The modified high-frequency model is used.

We show histograms of rq, against r;, = 0.01 with a flat prior and a lo prior in Fig. 7
for the modified high-frequency model. Compared to the result with the fiducial frequency
band setting shown in the left panel of Fig. 5, the uncertainties on » become much smaller
while the 50th percentile values of r are positively biased as shown in Table 2 if the modified
high-frequency model is considered. This tendency was also found in Ref. [21]; the smaller
uncertainty comes with a larger systematic bias if one sets the foreground frequency bands far

away from the CMB bands.
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Fig. 8. Histograms of r,,; from 1000 realizations. The input 7y, = 0.01 and the dust model is 2MBB.

4.5 Mismodeling

To demonstrate the case in which we assume a wrong foreground model, we use the two-
component modified black body (2MBB) model as the input but the 1MBB model to estimate
r and the foreground parameters. We show the histograms of the estimated r from 1000 real-
izations with flat and lo priors on T, in Fig. 8. We find that the estimates of r are biased by
~0.01.

This bias was not found in our previous paper [21]. This could be because the determinative
power of the foreground parameters depends on the number of frequency bands. In Ref. [21],
r and 1MBB foreground parameters were estimated using only six bands. Because of the small
number of bands used in the analysis, the foreground parameters were not well determined and
therefore the bias on » was small. To confirm this argument, we estimated » with seven and 10
bands using the extended delta-map method. The results showed that the bias was small for the
case with seven bands, and large with 10 bands as well as with 15 bands.

We show 2D histograms of the foreground parameters, 7,; and B, in the left and right panels
of Fig. 9 with flat and 1o priors on 7T, respectively. Without a prior, the estimated 7}, reaches
the bound.

5. Summary and discussion

In this paper, we have improved the “delta-map method” [21] by constructing a parametric
likelihood in a Bayesian way so that more observation bands can be used. By incorporating
the covariance of the foreground emission as “vague”, we have extended the method. Sample
codes are available at the extended-deltamap GitHub repository https://github.com/Yut
oMinami/extended-deltamap.
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Fig. 9. 2D histograms of estimated 7; and B, in the case of mismodeling with flat (left) and 1o (right)
priors on T}.

We have tested the “extended delta-map method” with realistic simulations assuming
LiteBIRD-like telescopes. In the case with one foreground component, we find that the ex-
tended delta-map method can estimate both the CMB parameter (tensor-to-scalar ratio ») and
the foreground parameters, even if we use more frequency bands than the minimum required
bands (Sects. 4.1 and 4.2). Moreover, we also found that the parameters of the foreground
model are better determined when more observation frequency bands are used, and the tensor-
to-scalar ratio r is better estimated accordingly. This is an improvement on and benefit com-
pared to the previous delta-map method.

Next, we apply our method to the model with two foreground components, synchrotron and
dust. It turns out that determining dust foreground parameters 8, and 7,; becomes difficult in
this case. The reason for this probably lies in the interplay between the synchrotron and dust
foreground emissions. To determine 8, and T, simultaneously, one needs to observe the dust
spectrum over a wide frequency range. However, in the two-component foreground model, syn-
chrotron radiation dominates the low-frequency side and masks the dust component, effectively
reducing the number of observed frequency bands that can be used to estimate the dust fore-
ground parameters. To aid the determination of the foreground parameter, therefore, we have
imposed a prior on dust temperature based on the Planck results. In this case, the error in the
estimate of r becomes small, while we have a small positive bias in the estimate. This small bias
may indicate that the mean value of 7, estimated in the delta-map method is not necessarily
the same as T derived by maps with higher angular resolutions, ¢.g., Planck.

A positive bias is also found in the case using a modified band configuration with higher fre-
quencies. If we increase the frequencies of the two highest observation bands, we can determine
the foreground parameters better, as we discussed above, while the estimated CMB parameter is
biased. This tendency was already found in Ref. [21]. The reason for this is probably the break-
down of the perturbative treatment of the foreground parameters in our method. Although it
is easier to remove foreground radiation when the frequency bands are closer to each other,
internal template methods, including ours, have the disadvantage of removing the CMB at the
same time, resulting in relatively larger noise. Thus, we are faced with the familiar dilemma of
systematic and statistical errors that are inherent in statistical analysis.
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Lastly, we test the case with mismodeling by fitting the two-component modified black body
model with the one-component modified black body model. We find that the estimated CMB
parameter is biased.

In this paper, we have not considered detailed characteristics of telescopes or detectors, e.g.,
the bandpass average discussed in Ref. [21]. We can include the detailed characteristics in the
transfer matrices. The basic idea of the delta-map method is to consider the spatial variation of
foreground signal parameters perturbatively. Though we have only considered the first-order
expansions of spatial variations of foreground parameters, we can consider higher-order ex-
pansions, which may improve the estimates of the foreground and CMB parameters. We leave
this study for future work.
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Appendix A. Derivation of likelihood

We use the methodology described in Ref. [30] to deal with the “vague” foreground covariance
matrix.
When we marginalize P(ff, S/)in Eq. (21), we have

—2In P(3 . §;. Sliit) = (i — Ds7)' ((SMB +N) + DS/DT)™ (m _ 135})
+nln27 + In [(S™® + N) + DS/DT|. (A1)
When we assume that the mean of the foreground signal is zero, E; = 0, we have
—21In P(§, S|y = " (SMB + N~
— AT (SMB L NyID [sf‘1 +DT(SCMB N)*lf)]_l DT (SMB 4 Ny~
+ In|S™® + N| +In|S/| + In [DT(SM® + N)"'D| + const., (A2)

where we have used the matrix inversion lemma (B1), (B2).
When we are ignorant about the covariance of the foreground signals, we take the limit where
S/~! — O and have

—21n P(*, SSMB|t) = ni (SMB 4+ N)~ 1t
— AT (SMB L N)"ID [f)T(SCMB + N)—lf)]*l DT(SMB L Ny~
+ In|SMB £ N| +In [DT(S™® + N)"'D| + const., (A3)

where we discard the terms In |S/| following Ref. [30].

This is similar to the likelihood function (Eq. (61) of Ref. [21]) except for the additional term,
In |l~)(SCMB + N)_1ﬁ|. We will revisit this difference in Appendix C and show that this term is
necessary to reproduce the results of Ref. [21].
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Table A1. Summaries of matrices and the vector defined in
this section.

Symbols Definition

-1 N1 n—
CREEDY j:ll No )
N-'D [DTN*ID]_ D'N-!
A — DCMBTHDCMB
7 — DCMBA—]DCMBTN—ln—/i

= w I >

Next, we apply the matrix inversion lemma (B1), (B2) to (SSMB + N)~! and In |(S®MB + N)|,
to reduce the calculation cost of the large covariance matrix. Using (S®™B 4 N) expressed as
(DCMBS(():MBDCMBT + N), we have

(SCMB + N)fl — N71 _ NleCMBAleCMBTNfl (A4)

In [SMB 4 N| = In|S§MB| + In [N| + In |A|, (AS)

where we define A = (SgMB*l + Zﬂvjll N;jl). When we substitute Egs. (A4) and (AS) into
Eq. (A3), we have

—2In P(p', SSMB|i) = i "N~V — i NT ' DEMBA-IDMBTN= 5 — N7 THN — M THB'HM

+ In|SSMB| 4 In IN| + In [D"N"'D| + In B, (A6)
where we define
M = it — DMBA-IDCMBTN -1 5 (A7)
H=N"D[D'N"'D]” D'N"' (A83)
B = A — DEMBTHDCMB, (A9)

Here we try to keep the symmetry to write down each term because we find that the estimated
parameters are biased when we calculate the log-likelihood value using asymmetric terms. Fi-
nally, we summarize the newly defined matrices and the vector in Table Al.

Appendix B. Matrix inversion lemma
In the derivation of the likelihood function, we use the Woodbury, Sherman, and Morrison
formula, the so-called “matrix inversion lemma”,

Z+uwvD) ' =z -z u(w + vz vy vz, (BI)
where Z and W are invertible matrices and U and V are matrices with corresponding dimen-

sions.
For log-determinants, a similar equation exists:

In|Z+UWVT|=W|Z+Wn|W|+In|w ' +VTZ'U). (B2)

Appendix C. Comparison of likelihood

In this section, we show that the estimated parameters with Eq. (22) are equivalent to those
estimated from Eq. (C4) in the case in which we assume one foreground component and one
parameter, 8, where the number of frequenciesis N, = (Ny(=1)+ 1)+ 1 =3.
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The cleaned CMB map (14) can also be expressed as [D~'#] .- Where the subscript “CMB”
means that we take the elements related to the CMB, as described above Eq. (50) in Ref. [21].
First, let us calculate this cleaned CMB map. The elements of the D matrix are

D = DB D

I g,D,1 g,D, 4l

=1 g,D,1 g,D,gl]|. (C1)
_I gv_;Dvgl gV3Dv3,ﬂI

The inverse matrix of D is
B —&xl =&l —&12l

D_l B m (gszvz,ﬂ - gU3DU3)I (_ngvl,ﬂ +gU3Dv3,,B)I (glevl,ﬁ - gszvz,ﬁ)I ’
(_gV2Dv2 +gU3DU3)I (glevl _gV3DV3)I (_glevl +gl)2DV2)I

(C2)
where E = (5231 &l 5121>. Then the cleaned CMB map can be expressed as
CMBM () = [D™'71] g
= (EDMB) 5. (C3)
The corresponding covariance matrix (17) is calculated as
C = SSMB 4 K|(EDCMB)-! (2 DMB)-! (C4)

where K = ENET.
Therefore, we can write the likelihood function used in Ref. [21] as

- = i ! G G
—2InL = ((ED™®) ' 25i)" (SgMB + [K[(EDMB) 1 (EDMB)1) T (EDMB) B,

(C5)
We will show that Eq. (22) is equal to this equation.
First, we calculate DTN~!D matrix and its determinant as
ST s N~'g2 D? N'g,D,D,
D'NID = 2]:\;_11 g;, Dl Zl i _5; i 12 i B (C6)
Zi i 8villvilv,B Zi Ni glz),'Dl)i,ﬁ
ID'™N"'D| = K[ ]IV (C7)
Using them, we have
1 NV (N3EL + Vg3 T —&31é31 —&péasl
= K| —&3161 N2 (Ni&3 + N3éh) 1 =&l
—&pénsl —&péul N3 (Vo3 + NigZ) T
ETE
=N"'— K (C8)
Then we have
B— A — pCMBT (N—l _ ETE> pCMB
K]
. DpMBTgTzpCMB
_ SgMB 1 + X ; (C9)
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and its inverse as

B! = (ngBl +

DCMBT = T2 pCMB -
K|
- P _ . o i1
— |K|(.’;‘.DCMB) I(EDCMB) ISOCMB (SgMB + |K|(.’.‘.DCMB) I(L‘.DCMB) 1)
— |K|(EDCMB)—1(EDCMB)—ISOCMBc—l
( — A—l + B—IDCMBTHDCMBA—I)
(=A™ + A 'DMBTHDOMBR), (C10)
Therefore, we can rewrite Eq. (22) as
—21n P(5', SSMB|i) = TN~ — i N DEMBA-IDOMBIN= 35 — A7 THN
. MHDCMBB—IDCMBTHM
+ In|SSMB| 4+ In |N| + In [D'N~!D| + In |B|
— TN — ’,;l»TN—lDCMBA—lDCMBTN—lﬁl» _ W?THn'fi
+ 2},;THDCMBA—1DCMBTN—IH—,Z»
. n—;lTNf1DCMBAfIDCMBTHDCMBAleCMBTNflr;Z*
. n—/l*THDCMBB—lDCMBTHI/h’ + 2,,'—/1’HDCMBB—1DCMBTHDCMB
% A—IDCMBTN—I 7 — N~ DCMB A -1 DCMBTHDCMBB—IDCMBT

x HDMBA-TDMBIN=15 4 21n |EDMB| 4 In |C|

| SCMBc—l
= *T(EDCMB)-‘—FE (EDM?)"1i + 2In|EDMP| + 1In[C|
= CMBM(m)TC'CMBML(7) + 21n |EDMB| 4 In |C]. (C11)

This agrees with Eq. (C4) except for the term In |[EDMB|. This does not change the estimated
parameters, since, in Ref. [21], the foreground parameters are determined only with the chi-
squared term and the CMB parameters are determined with the total likelihood function by
fixing the foreground parameter.
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