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ABSTRACT

e present %osmolo}%;ic | parameter constraints estimgted using the BarY?sian Be\:lalondPlanc analysis
ramework. This method sup- ports seam %ss end-to-end error ]pr pagation from ra tlmg-o_r ered data
onto final cosmological arabmet rs, As a first demonstration of the method, we analyzed time-ordere
Planck LF1 observatidns, combined with selected external data (WMAP 33-61 GHz, Planck HFI DR4 353 an
857 GHz, and Haslam 408 MHz) in the form of pixelized maps that are used to break c,rltlc?l
astrophysical de- rgeneraaes. Overall, all the resylts are generally, in, oo&j agreem nt with previously
reported values from Planck 2018 and WMAP, with the largest relative diffefence for any parameter
amounting about 1o when considering 8n|y temperature mu tr;poleﬁ betweecrl\ lanck | I
3 600. In cases wher ere gre difference e note that the BeyondPlanck results are genera
lsl(l)gﬁﬁ?y c!osetr; t? ?heshllgn-e%dmﬁdromﬂnaheg{lanc-ﬁfofgl resuFts tlha,n gc_rev?_gufs anaitlyses sug Elstelné %/]v{eﬁahtg
ess ténsion between Iow and hi ultipgles. Usi ow-e polarjzation informatjon from n

we find a Best- it value of T = 8'2)6% &813, w?u%% is h(iagﬁer than the low value of T = 0.85 0.666,8
derived from Planck 2018 and shghtl\ll?/ lower than the value 6f 0.069 0.011 derived from the joint analysis
of official LFI and WMAP products. Most |mportantIK, however, we find that the uncertainty derived in'the
BeyondPlanck processing is about 30 %Vgreater than when analyzing the official products, after taking
into account the different sky coverage. We argue that this uncertainty is due to a marginalization over a
more complete model of instrumental and astrophysical parameters, which results in more reliable and
more rigorously defined uncertajnties. We find that about 2000 Monte Carlo samples_are required to
achieve™a robust convergence for a low-resolution cosmic microwave background (CMB) covariance

matrix with 225 independent modes, and producing these samples takes about eight weeks on a modest
computing cluster with 256 cores.

Key words. cosmic background radiation - cosmological parameters - cosmology: observations
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?%%b&@"ﬁ)fw%] afafierst ﬁgvapmdgtmﬁg weull

anc atri W|th m|II|ons f els, In this case,
8rg )&-i Plze(d %Ia)cﬁ eII Rao elts |m8\tvr
InIﬁlc h wa o use terJn0 rae analysis
to e _s%(?g Planck e %anc ﬁborat?o%
20 This estlmator refies on proper Ce samples
an we there- fore resammed the ma|P 5h H
oncie_:I %aln J IS tll we %p ie e
confidente mas enable the C sa |ng step
once % gaijn,  all mstrumental nd (most of) the
a trop S)/Slcal pargmeter. are ed at their main
f’ ampe va Lhe hus, this, step includes
o) 12) with an |Rverse noise covan a ce
mat r| s zero in the maske rplxes a
non- oca S co%arhance ma r|x and this trafns a es
Into_a ver con- % um er ?
coefﬁC|ent atrl on the left side e otn

gttb%n ara @{ﬁfe Cco éprﬁﬂsgam eé%fna

we there ore onIy pro uc

000 of these. Fortur]atel , 3hown in Sect.
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However, it oes not . allow us to

p(?8 Iow sighal-to-noise re%lme atfove
? 0. Fort iIs reason, we conservatively limite

current BeyondPlanck temperature analysis to
e 600, leaving some buffer, and combined it with
Planck 2018 résults at higher mul- tipoles when
necessary.

2.2.BeyondPlanck CMB likelihood

The Be 0 dPlan k CMB ctrum i e ihood
s]olll (t o) we esasﬂ)% rpe l ques
name -force ow reso ut| e ood
vaIua |on on arqe an8u ar % anzatlon
9 a c Ia oration_V
0 d es timation for
mte me ate an u r scales for temperature (Chu

2005 Ru o eta

2009, Planck Collaboration XI 2016). The main
variations are

Pollarlzatlon estlmatlonl for , which. our likelihood
elies on a dense pixel-pixel covariance
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2.2.1.Low-e temperature+polarization likelihood

Startin V\£th the low- resolution ase,.the
ng ﬂ |g e ex re55|on ora mu |var|ate Gaussian
ikelihood is expressed as:

exp (= 's™ (S(Ce) +N)?
N CMB)

P(Ce | 5" cms) 2 CvB )
« |S(Ce) + N|
h t pl (13
Nhetes Be r%%peosr'?dnlnsgae%ec%lveuﬁoqgesgor\?g ian
marR h|s ex ressmn has formed the ba5|s of
ero likelihoo

I%B codes oi t
east as I BtE-[%It/Ih Gé)rs ||1
e nove 0 e current ana SIS is
smpﬁy lr<1 %v es aBIesCh MB anJﬁ in pr |ous
analyses, s CM |ca been estimated
maxlmu I|ke|ho tecpnj ues wh||e N h s been
esli|m te rou analytic eva uatlons at are
on le to tak e |nto account a rather limi

of ncertalntles suc

ted se
w ite and corr%ate
noise, ver

smgﬁl temIp ate-base
for%grour} 31 % S|m|p strumenta
els of modes tha ve poorly measure galns
as a consequence o t e scanh- ni trate
contrast, |n t e current paper, bot ese

gtllaelsag[ (_e% rgnggempslmpy by averaglng oV r aI

SCMB—S

CMB(14)

N =

- io— )k
( cuB s CMB ,
s ScwmB ScmB

(15)
xfy}here bra%kets |nd|catﬁ tRnte Carlo avera ets

roac ere is n 0
ex ﬁat‘ accounPf h indi-, wdua? source of

sy tematic effects |n t e covariance matrix, but
t ¥ are ﬁll naturakg and seamlessly accounted

r through the Markov chain samples: o
this

The main challenge associated with
approach is related
to how many samples are required for N to
actually converge.

As dsciussed by S

i

entln & Heavens 201@
géneral require: men or Nimode ere

nsamp IS the nwsnber of Monte éaarlo sampies and

v iEERe et 4BRsIeS AN tSuSPVRbvariance

therefore either

increase nsamp (at the cost of increased

compu-

tational costs) or decrease nmoe (at the cost of
increased final

uncertalntl%sg It is therefore ofo%reat mterest to
compress relevant informa s M
1n|mal set of mqdes that ca ture as muc of tne
e AR oICB e 2E O G Oh
m<ell— hood is gn tlcgf depth o re|on|zat|on T,

Bl EWQ_%BW@E@P n the C. power spectrum for

pens in polarization at very low multipoles, e ;S 6

E.hoel’ll feqosen/sbtb\ﬂss of the instrument (Planck

ratl

tor, nd of
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a threshold iJe E,
co rispon ﬁlat r%Etlggorma r?IaSIS t ﬁ
Bneafow ed, n/d with a re atlvepsr/IT% fvwer tha npg
is mwortant to note that this &rolﬁc Ion opera- tor
resu un lase ell estimator
|rres ect|ve o sgea C values chosen for e
and the on st of choos-
|n restr&:tlve }(la ues for either is just larger

H 5 E’?slﬂ gs‘ll'?us Is fully equivalent to masking
AUI%ItrIr?gpdl?seslant

plxels on
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ignal-to- n0|se thre max D

%ﬂ%a@}%imn@ﬁ& mas hoos%ﬁ é) We IPCK

use best-fit  Planck 2 CDM spectrum to

e e

'IO| o ma hg ma
c ice of mask ca rhlas the

Fr)%spults but %n IB,t mOdIfYtI

%valuate In totaI this Ieaves 2 5 modes in P.
eterm mang/ Mont 0.sam Ies re
ujre to robustl p out t ellr]< for t
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presented In Sect.

2.2.2. High e temperature likelihood

For tE %ﬁ te:{n erd Eu)re any% r"YE xploitet

2005 t ted t
very WeV\i #or hlg ﬁ\Fdatgmgﬂkssenae? al. OZC%%}(
This is the ~case for the BeyondPlanc

temperature power
spectrum below e ;S 700, whereas the S/N for high-e

%qml&%everywhere, even when combining LFI

data.
In practice, we employed the Gaussianized
Blackwell-Rao

§56'6*é"3‘t N GEBY & AreseBEd é%ﬂdbé‘r’at%n
order to re uce the number of Samf% ﬁ

re Ull’e tO ac |e conver nce
Classl

a
c we Rao est|ma ppj% rst us o estlma

t e univariate C. kel| or each multipole
separately:

" 2e11 O )

|

exp(
P(Ce |sM) » __ — 2 | (17)
= |Ce| Ce

i=1 2e+l

2

L
where, = | ?/(2e +1) is the observed power
o s |spec— cMB
trum of the i'th G|bbs sample CMB sky map, s
This dis-
tr],gbutlon is used &o pleﬁne ﬂ Galus_glanmﬂgpchangg—

matchin dlﬁeren ial quan- tiles between the
observe I|§ellh od, functlon and a tandar

Gaussian istribution. inal eI|hoo
expression may then be eva uate as foIIows

(
| d) z“ |e EASS H\ e
{
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e
P(
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at, face value, the agreement between
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Planck 2018 and WMAP, However, it is |mportant to
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cosmlc \" rlance I|m|te rh mut e ra
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4.Large-scale polarization and the optical
depth of reionization

Afozﬁ}“%ﬁé‘*%. W pirprealofthe S CRIPng

pr&ﬁ\ﬁt has not been to derlve new st te of the art

parameter constraints, for w (as we
explaln above) Planck HFI data are essentlal
Rather, the
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Table 3. Summary of cosmological parameters dominated by large-scale polarization and goodness-of-fit statistics.

Analysis name Data sets Ve < gg x> PTE Reference

%
WMAP 9-yr WMAP Ka-V 0.76 0.089 £ 0.014 Hinshaw et al. (2013)
Natale et al. LFI 70, WMAP Ka-V 0.54 0.069 + 0.011 <0.79 Natale et al. (2020)
Planck 2018 HFI 100 x 143 0.50 0.050 +0.009 <0.41 Planck Collaboration V (2020)
SROLL2 HFI1 100 x 143 0.50 0.059 + 0.006 Pagano et al. (2020)
NPIPE (Commander CMB) LFI+HFI 0.50 0.058 = 0.006 <0.16 Tristram et al. (2021)
BeyondPlanck, e =2-8 LFI, WMAP Ka-V  0.68 0.066 + 0.013 <0.84 0.32 This paper
BeyondPlanck, e =3-8 LFI, WMAP Ka-V  0.68 0.066 + 0.014 <1.0 0.32 This paper

Notes. Columns list, from left to right, (1) analysis name; (2) basic data sets included in the analysis; (3)

effective accepted sky fraction;
(4) posterior mean estimate of the optical depth of reionization with 68% error bars; (5) upper limit on tensor-to-
scalar ratio at 95,% confidence;

(6) x? goodness-of-fit statistic as measured in terms of probability-to-exceed; and (7) primary reference.

main motlv t| beh| d this W(t>rk wgns to . develocP
a nov stlca con ent Bayesian en S et aI ?Ialyzed the o C|a[( LFI and
to—en ana yS|s ramework for past, rrent and uc SJ fu ei our
uture CMB eriments, . with a partlcu ar focus c nﬁ rat|on to the}g fin |r2%s to faci |tate
on next- ener t|on polarization experiments. compa ison for the most rel- evant
ﬁqe sm st im orta ts |e tlﬁc tar et |n case T e corre onding numerical values are
ft |s Woervlesst e o% Caove o |on|z t|on summarized in Table 3.
efﬁaenc% the entlre Pramework At t?\l omt est}%eatseeelsth?rt tpe Bexog epl%lek r%lgﬁlzatlcm onlé
we are fin Ug/ eadr% resent the main results Natale et al. result base the ofﬁaa M¥E an
regar ngt Jparar F @s given below. WMAP products, with an overaII shift of out
In P % Z% we show .th ,20. However, there are two or nt
marglnal posteror dIStr& i,ltl n or T as derive ifferences to note in this regard. rst, the
from’ the 0W e Beyon Planck likelihood alone BeyondPlanck mean value is slig tIy Iower than

(black curye) and _com- pare this result with the thé LFI+WMAP value and it is therefore in slightly

orre pondmg est|m te rom the I|terature better agreement with the HEI-dominated results,
EH'HSE W et t I 2 %0 I;Ianck Pﬂborau decond. Jand more lmPortanty we see that the
fofe. oa\]/vee\(/eera a%?(noe %ea tO e BeyondPlanc uncertainty “is  greater for

parisons etweena s |s non- tr vial, BeyondPlanck than LFI+WMAP, despite the fact
®e" reporte pararget%rs ep enb i erEn gllggelts ﬁky Err?ggrchuis Iarger {-685gae§sjs r%ﬁct;ﬁl
assum tion ata . com |nat|ons or

mver oportionall W|th the square roo

example, Pagano et al. (2020) ]S<y fr ctlgn5 we c¥an make a rcgug estlmate

considers a likelihood that includes Commander 2018 temp%r— a1y low-¢ 5ol ., q ’
consider o r on _and marginglize
‘F"n%FSma'f.‘%%'é@@é’r Agnvslherlggvsq\latale etogFS ZOaZQ)c; overI on?y a sm ﬁ p IZ? Istrongly cgrlreaialtea



arameters, _that is, As and/or r. Taking into s | tion has b ified imulating t
BT ralhhat sets 'of 1600 EMB"pIis roise maps. with 3 different sky
coverage, and computing the estimate of T in order to

retrievé the proper uncertainty scaling factor as
function of fay.
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what our uncertainty should have been for their
analysis setup:

" ] BP
Gpred = sk (19
ékyf'f
= .68
(20)
0.54
LAceTom a””% 4R, 3o Pt%eo/oetn?éu 20%\93

interpre greater uncertam as e|n
mardina |zmg over a, more Co sta-

Pstmal unlgecl’rta|nt|es in the Be t%nc%hﬁar}c anaI 5|ts
srt%egvn%t oficial LF1Pand. %{ﬁw)ﬂ & products. As
such, this c?mpansgn d|rect h| F\ lights the

|mportance of the ent to-end a pro C ﬁ
an s?a%rl?t Fé%tscogpaéé‘ﬁﬁca‘?ver%e%"s?”n%5 %%
best ensor to scaggg io ls onsistent

zero and with an upper 95% confi- dence limit o
WItI(’)l E?:Llljrrentllg thls fz e no %%alpa\lnts |}1roet|t|ve
combination TaSIE E’E Planck o{nr <

0.032 (Trlstram et aI 2022) t e absence Rf stroRg
B-mode  power confirmation t

BeyondPlanck processmg seems

syStematic errors;  these results are in %OP
agreement with “'the power spectrum re3ults

clean

also note.in Table e impact =
from %he analysis is sma‘f cfﬁ?e thcI) eable
removing it yS|s |s to

mcrease the uncertainties on T an ¥
10%. Th|s is |mportant because the BeyondPlanck
P ? is n uarant ed to, have a unbt
ransfer function or Is srnge mod e? Y
As discussed k} Gjerlgw et I 2023), there is a

slsdn gspenarrerencsin e N 2t Lol

(? r?grtonlt Iemsem rgaEl%Sethli mod Im%?t% ggﬁ

this e ect is explici )() demonstrated throu h
slmulatl?ns to be small by Brllenkov et al. (2023),
it is stjll comforting to see _that this particular
mo e Fs not have a S|gn|ﬁcant impact on the
naF|rr1esu xth colu Tab e 3 shows the
?:Yb”ng oexceec{nﬂ"l% ere 'the main
u ntlty is defined a

2 =g ~t )
s(c) + -1 . (21)
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For a Gaussian and isotropic random field, this
quantity should
be distributed according,to a x* distribution, where

Ndof = 225
Ee 0t o R e ler R Rl oyt

ndatlng fuII con5|stency with the ACDM best- ﬁt

mggre)l( and sample-based noise covariance
Figur rr ing, r | fi
diffe lﬁte sky ragt’%nsco %Isooc%nd g%he eggr%s 8

nalyﬁs rnas s defined’ by PIanck Collaboration V
? e tensort caIar ratlo |s re ported i
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Pkell?wood rat|o ) —FB? wrth%hat o? %aussﬁan

andard distrib ut|on Overall, we see: that. all
iegu ts are ar e|¥ |nsen5|t|ve to sky frac- ton

iC est at the current gr?cessm%
meneacd 19 Temote most ot ically gl
%(S) gp %elm et al. 2023b). However we

do note that a small B-mode contribution

358P8LsIvE ER9 B0 age of 83%, and also that the
X PTE starts

(o)
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account for the differ- ent sky actlon of Natale et
al. (2020), leading to a constralnt of r < 0.94,
which is to be compared with » < 0.79 obtained in
that work. This suggests that also for r the
margmallzatlon over gddltl nal model parameters
|nc uded in the BeyondPlanck framework leads to a

mcrease in uncertainty compared to a
trad°|t|onal analysis.



Before ,concludin hls se tion We retur
the ﬁnportan c% eghdt errér acgha
performin a S|mioe ana ySis |n w
gstlmate mar nal T osterlor under three
Ifferent reglmes system tic error propa ation,
In the ﬁrst re |me We assume that th erive
Ql is  entirel ree o bot
stro P cal and instrumental uncertainties an
rce o gncer}alnt IS white noise. 1S

c se is eva uate cti gF ?<ne ra om CMB
ma sam le as ucia and we onoli
r |n liz ver mstrumehntal r astro r%%sma
sam les when evaluati y ma? ois
covarlance matrix rh he seco
1e e assume a he mstrumenta mo e
|s er ectly know ect dSthOp ysical mo
IS uncertaln ﬁ regm]e wg
assume a] bot t e mstrumen—
astrophglsu:a parameter? re uncertain and we
marglﬁ 5 |zle( er all em, as In the main
BeyondPlanck analysis. The results from these

calculations are summarized in Fig. 6. As

Aclﬂrﬁ"b 8eReVallie %H%"i%é*‘éﬂB%‘F's%? ifixgy, to a fiducial
We note that this was n%t1 case in the firs
preview version of the BeyondPlanck results announce
|n Ngvember 2020: In that case the full-sky x* PTE was
(10 and this was eventu lly explained” in terms of
ain overs oot |nr%; 3/ Gjerlgw et al. (2023) and non-
ééco ate oise contributions by Ihle et al.
Both these effects were mitigated in the final
BeyondPlanck processing, as reported here.




v [e)]
o o

IN
o

Posterior

10

0

0.00 0.02 0.04 0.06 0.08

Optical depth, T

0.10

Fi Estimates T under different uncertajnt
lsgsumptlons a'Fﬁ Tue curve shows marglrh ﬁlrzatPo

over . white n0|se only; the red  curve shows
marginalization over white noise and astroph )ﬁlcal
uncertain- ties; and, finally, the black  curv ows
mar?mallzatmn over all con-. tributions, including low-
level' instrumental . uncertainties, as in the~ final

BeyondPlanck analysis.
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5.Monte Carlo convergence

tted in Sectt 2, one |m[\3,\?rtant goal f th
curren er is to assess ho r\
Mone o) samepes are reqmr to ro ustgl
derive covar|anc matrices. and .cosmologic
s sampling. This permit

E)aram eterﬁ ?
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results presented above
Startlng with the Iog golarlzatlon #lkellhoo
nce again ado roxy for overall
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the Iow -e I|keI|hood inputs in Eq 15)°. Here, we
see tI stlmates are 05|t vely biased for
smal va ues o Nsamp, WIth ntral value around T
= 0.085. However, the estlmates then starts to
raduaIIy fall while. the Markov chains ex lore the
distribution. This behavior can be qualitatively
understood as follows: the actual posterior mean
sky map converges quite quickly with number of
samples, and stabilizes only with"a few

hundred samples However, the T estimate is

der%%%t&gn%oganance of this sky map with the
R N S i Ry i

contrlbut|on Conv%r ence In is ob \uou

"wcn
more expensive n convergence in_s ;

leads to the slobw ecrease in T 3s a un&tlgn of
sample as com es etter describ

greater number of samples.

From Fig. 7, we see that the results stabilize
only after

nsamp_= 2000 main_Gibbs samples, which is almost
nine times

bs ¢ a|n V\f
su samp heapy
mar nallze over, whlte n0|se such at the actual
num individ u% ﬁampes |nvoIved in Fig. 7 1s
actualg times |gt han what is shown; the
important question for his test, however, is the number
of main Gibbs samples.
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converge very slowly. We adopt a stringent

criterionof R 1 <

hed harizontal line) conservativel
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6.Conclusions
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