polarimeter. Planck, for example, was only able to map 10 nearby clouds to a similar leyel of detail
[110]. This large sample of clouds is crucial because dust polarization observations are{sensitive to
qudy the magnetic field projected on the plane of the sky, and therefore polarization maps will look
very different for molecular clouds observed at different viewing angles. By observing thousands
- :“Mr of molecular clouds PICO will determine the role of magnetic fields in star formation as a function
= of cloud age and mass.
Ml o Formation of Magnetized Molecular Clouds ?2:&.5 Diffuse Interstellar Medium  Struc-
N\i;\u“mm formation in the diffuse ISM is a key area of ﬁ:&waoa(.mmzm observations across the electro-
g A agnetic spectrum. PICO’s observations will complement recently completed high-lynamie-range
=2 neutral hydrogen (Hi) surveys, such as HI4PI [122] and GALFA-HI [ 123}, as 'well as planned sur-
= W veys of interstellar gas, most prominently with the Square Kilometer Array (SKA) and its pathfind-

m,.w i
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5. One of the open questions in diffuse structure formation is how. m.mm,;no%m within and between
phases of the ISM. A planned all-sky absorption line survey with SKA-1 will increase the number
“ W of measurements of the ISM gas temperature by several orders’of magnitude [124]. Quantitative

- N . !

¥

comparisons of the ISM temperature distribution from SKA-1 and estimates of the magnetic field
N strength and coherence length scale from PICO will elucidate the role of the magnetic field in ISM

hase transitions. - abowd
= A comprehensive understanding of the magnetized diffusgZISM is challenging because of its
.W diverse composition, its sheer expanse, and the multi-scalg’nature of the physics that shapes it.
¥ To understand how matter and energy are exchanged betyfeen wsn«&m:mn and dense media, it is
ssential to measure the properties of the magnetic field gver many orders of magnitude in column
oW =53 (s density. PICO is unique in its ability to do this in 9 diffuse ISM. Planck achieved measure-

5 o

@ ments of the diffuse sky at 60 resolution, resulting in 30,000 independent measurements of the
382

magnetic field direction in the diffuse ISM. With,1.1’ resolution,PICO will expand the number of
independent polarization measurements in the dfffuse ISM to $86,000,000. This will allow us to
f’bﬂm[‘\k@&éﬁﬁ%% turbulent properties like across a previously unexplored regime of param-

eter space. i (gﬁ mpziw,c«ox PRE

mﬁww ts that will rgv6lutionize our understanding of how mag-
fom planet formation to galaxy evolution. For

Galactic Legacy Science .
PICO will also produce legacy d

directly influence the formation structure of cores. By comparing the orientation of the core-scale
magnetic field with respect t the orignYation§and sizes of protoplanetary disks, PICO will directly
test whether there is evidence that magnetic breaking inhibits the growth of protoplanetary disks
[125, 126].

On larger scales, PICO’s tens of millions of independent measurements of magnetic field ori-
entation will allow us to directly probe magnetized turbulence and study how magnetic fields are
generated through a combination of turbulence and large scale gas motions [127]. Key processes
in the diffuse ISM, including heat transport [128), streaming of cosmic rays [129], and magnetic
reconnection [130] are dependent on the level of magnetization.

Finally, PICO observationg will create detailed magneticfield maps of approximately 70 nearby
galaxies, with more than 100/measurements of magnetic field direction per galaxy. These observa-
tions will be used to study the turbulence on wﬁ»omm\woam determine whether the magnetic fields

Table 2: Cosmological Legacy Science

:M} Catalog Impact » QHW \\ Science

L. Proto-@lusters Discover @mo‘co% mm/sub-mny proto- Prob¢ the earliest phases of cluster evolution,
clusters distributed over the mwwﬁb‘kv&r well beyond the reach of other instruments; test
toz~4.5. tlfe formation history of the most massive virial-
Current knowledge: Planck data expected zed halos; investigate galaxy evolution in dense
to yield a few tens. environments.

2. Strongly Discover 45007 highly magnified dusty { Gain unique information about the physics gov-

@msmnamamimm galaxies across redshift. eming early, z =~ 5, m&sxw evolution, taking ad-
Current knowledge: 13 sources confirmed | vantage of magnification and extra resolution en-
in Planck data; few hundred candidates in | abled by gravitational lensing; leam about dark
Herschel, SPT and ACT data. matter sub-structure in the lensing galaxies.

P—vo_w:.%n_om:nUmagwco%aamomnamw<m§:_3=mm:a um?m ,smogu,:ososzﬁu.oa2.2mmm_mnan
WoE,nmm dusty galaxies in polarization. sources, Close’td their sﬁ?@%n_&x termine

Current knowledge: ¢ 20 radio soutces the' large-scale WM.:QE.@ of Emm:avzo fields in

(from Planck, selectdd at 30 GHz); g 200 . dusty galaxiess Petermine the importance of po-
(ground, up to 100{GHz; 1 polarization larized sourcés as a foreground for CMB polar-

measurement of a djisty galaxy. ization science.
@ Confusion (not noise) limited 3

b Noise and confusion limited O\ﬂg i WFOAV e

of the Milky Way in the diffuse ISM are consistent ia&o? galaxies, and directly study how in-

teraction between largescale magnetic fields, turbulence, and feedback from previous generations

of star formation affect§gaiaxy evolution and stasformation efficiency. v .w
. i _ _ﬂ (D M

2.3 Cosmological Legacy Surveys e < N\S\ -
, what Ow\%z\ﬂ Fgdeces

g answers-to major, still open issues on galaxy formatig -

2.3.1 Early phases of galaxy evolu

cold flows from the intergalactic medium?
e issues we need direct information on the structure and
t these are compact, with typical sizes of 1-2 kpc [138]),
corresponding to angular sizes of0.1-0.2 arcsec at z > 2-3. Thus they are hardly resolved.even by
ALMA HST. If they esolved, high enough SNRgper resolution element are; chieved
amly for the brightest galaxies, which are probably not representative of the general population. Q-sb\
Strong gravitational lensing provides a solution,to these problems. PICO wil| detect galaxies
whose flux densities are boosted by large ?Qo_.mhmmm the right panel of Fig. MW Since lensi s
conserves the surface brightness, the effective angular size is stretched on average by a wmn::\t{ 2
where u is the gravitational magnification, thus substantially increasing the resolving power. A
spectacular example ae# ALMA observations of the strongly lensed galaxy PLCK_G244.8+54.9
at z =~ 3.0 with g 530 [139]. ALMA ocmm?maomw.EE a 0.1” resolution reached the astound-
ing spatial resolution of @movo, substantially smaller than the size of Galactje giant molecular
clouds. Other.high-z galaxies spatially resolved thanks to gravitational lensing, with less extreme
magnificationsjfare reported . [140] sand.othesss[ 141, 142].
Cafiamerasfet al. [139] habe also obtained CO spectroscopy, measuring the kinematics of the

but
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Figure 12: Left panely Example spect
ompared witha

energy distributions (SEDs) of dusty star-forming galaxi€s de-
oint=source detection limits (black line) and with the P#anck 90%

z=2.3 [132] and HLSJ091828.6+514223 (orange) at z = 5.2 [133]. The dashed lip€s are corrected for
lensing magnification. Right panel. Integral counts at 500 m (600 GHz) of unlenstd, low-z (black) and
strongly lensed, high-z .Ao:_:mmv star-forming galaxies based on fits of Hersche. oS (inset {134]), also
shown,are predicted radio source counts (green). The PICO detection region (right of vertical red line) will

yield £ factor of 1000 increase in stronglysdensed galaxies relative to{Planc (yellow square), W&ﬁ\? 50,000
proto-clusters (blue) [135].

molecular gas with an uncertainty of 40-50 km/s. This spectral resolution makes possible a direct
investigation of massive outflows driven by AGN feedback at high z. In this way Spilker et al.
[143] were able to detect a fast (800 km/s) molecular outflow due to feedback in a strongly lensed
galaxy at z = 5.3. The outflow carrigs mass at a rate close to the SFR and can thus remove a large

fraction of the gas available for starfformation. Mﬂﬁ
Herschel surveys have demonstrated that, at the PICO detection limit i 500 um (600 GHz),
) about 25% of all detected exfragalactic sources are strongly lensed; for comparison, at optical/near-
?62% ? _TR-and radio wavelengths, were intensive searches have been carried out for many years, the yield is
§f only0.1%, i.e. more thantwo orders of magnitude lower [ 144]. To add to the extraordinary sub-
mmybonanza, the selection of strongly lensed galaxies detected by sub-mm surveys is extremely
y because of their peculiar sub-mm colors — see the left panel of Fig. 12 — resulting in a selection

efficiency close to 100% [145].

A straightforward extrapolation of the Herschel counts to the much larger area covered by
PICO shows that its surveys will yield & 4, 500 stronglylensed galaxies with a redghift distribution
peakingat2 Sz <3 [0 K%vﬁ extending up to z > 54 see the left panel of Fig. 12. If objects like

.

iy

the z = 5.2 strongly lensed galaxy HLSJ091828.6 4223 exist at higher redshifts, they will be
detectable b to z > 10. WG §J Q\G&g
\.E?:ﬁ:a:m?w high spectral and spatial resolution folfowsup campatgfl of such a large sample will

be o:m:w:mm:m»_ui also extremely rewarding, since it will a giant leap forward tewasds-the
understanding of the processes driving m&% galaxy evolution, in addition to opening,many other
exciting Eo%nnawvo% on the astrophysical and on the cosmological side (cf., e.g., jref. [144]).
The PICO all-sky surveys will select the brightest objectsfin the sky, maximizing the gfficiency of
the effort.

2

o vl 68 ¥

, ,
S%%% w%@é/
T it
S 7

2.3.2 Early phases of cluster evolution

PICO will open a new window for the investigation of garly phases of cluster evolution, when
their member galaxies were actively star moﬁiswgﬁ the hot IGM was not necedsarily in place. In
this phase, traditional approaches to cluster detection (X-ray and SZ surveysg sedrches for galaxy
red sequences) work only for the more evolved objects; indeed these methods have yielded only
a handful of confirmed proto-clusters at z 2 1.5 [146]%.} Planck has demonstrated the power of
low-resolution surveys for the study of large-scale structure :aﬁu?: its resolution was 400 pooy; to
’ detect individual SﬁoyoEm/ﬂw,ﬂme [135]. Studies of the high-z 2-point correlation function [108, 135]

and Herschel images of the few sub-mm bright protoclusters detected so far, at z of up to 4 [148-
ESA all of which will be detected by PICQ}, indicate sizes of ~ 1’ for the cluster cores, nicely
matching the PICO FWHM at the highest frequencies.

PICO will detect many tens of thousands of these objects ﬁ this is the blue line in the right-hand
panel of Fig. _NV as peaks in its sub-mm maps, in addition to the evolved ones, detected by the
SZ effect. This Will constitute a real breakthrough in the observational validation of the formation
history of the most massive darkematter rm_ow. traced by clusters, a crucial test of models for
structure formation. Follow-up observations will characterize the properties of member galaxies,
probing the"galaxy evolution in dense environments and shedding light on the complex physical
processes driving it.

2.3.3 Additional products of PICO surveys

hei
PICO will also yield a complete census of cold dust, available to sustain gtar formation in the
:am%v\%:?oama. by detecting tens of thousands m&mﬁawn_om% at z < 0.1. B statistics will allow
us to investigate the distribution of such dust as a function of galaxy properties (morphology, stellar
mass, efc.). V,Quw

Moreover, PICO will increase by orders of magpitude the number of blazars selected at sub-
mm wavelengths and will determine the SEDs of nfany hundreds of them up to 800 GHz and up to
z> 5. Blazar searches are the most effective way to sample the most massive BHs at high z because
of the Doppler boosting of their flux densities. ¥ surveys of the largely unexplored mm/sub-mm
spectral region will also offer the possibility to discover new transient sources [151] or events, such
as blazar outbursts. P

PICO will alsermake a giant leap forward in the determination of Jpolarization groperties of
both radio sources and of dusty galaxies over a frequency range where groundsbaséd surveys are
impractical or impossible. Thanks to its high sensitivity, it will detect in polarization both popula-
tions over a substantial fluxdensity range, determining directly, for the first time¢ number counts in
polarized flux density and allowing an accurate correction for their contamination of CMB maps.

The anisotropy of the cosmic infrared background (CIB), produced by dusty star-forming galax-
ies#h a wide redshift range, is an excellent probe of both the history of star formation and the link
between galaxies and dark matter across q@smaie time. The Planck collaboration derived values of
the stapformation rate up to sedshrif @ 4[152-154) as quantified ing 155] that the increased
SNR and frequency coverage grabloe]
the statistical errors on 4hy \&
M., the galaxy halo mdsy

Dyer

=

b

“More high-z mB\&\ clusfers have been foungftargeting the gnvironmeny of tracers of vely massive halos, sugh as
radio-galaxies, w@ . sub-mm galgdxies. These searches arg hoyvever,obviougly biasedh
& & b Y

-

£

ﬁ@«?rs&d&

dasciing the. SER-history o

i wt 1,




i
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Characteristic 2K Ground 1 Balloon Space
Sky coverage "\ Partial from singie sit€’ id] from single flight N Full
“Sg0.8Fz inaccessible” o,
Frequency coverage v > 300 GHz —__,F«wc_a / Unrestricted
limited ind
Angular at 150 GHZ? L5 §5 Gan tefescope 6 §§ 1.5m telescope
Detector fbisc 36iticroK ri(sy
ion time Continuous, 101 years
Accessibility, None. Multiple flights possible. None

70 GHz is the frequency at whi

h Jarge angular scale B-mode Galactic emissions have a minimum.

» We give representative approx Ens telescope aperture values. Significantly larger apertures for balloons and in space result in higher mass, volume, and cost.

€ Noise equi

F
|

wik

p

based median at 95 GHz from BICEP3 [ 136]; pre-flight expectation at 94 GHz from SPIDER [!57}; at 90 GHz from PICO CBE.

Table 3: Relative characteristics of ground, balloon, and space platforms for experiments in the CMB bands.

frequencies and increased sensitivity 8@5&3 dust polarization will Eoﬁmm enhanced means to
separate the largely unpolarized CIB from vo_ﬁﬁmm@_mn:o dust, Ea :BE:m&Q@é@g
extended reliable legacy CIB maps. SRR fov

2.4 Complementarity with Other Surveys and with m:w.O_._u_na Zm»mc..mam:nm

2.4.1 Complementarity with Astrophysical m:.é/wm in the Ncncm

PICO has strong complementarity with forthcoming wc.n<o<m. Here, ‘We summarize areas of synergy
that have been mentioned in a number of earlier sections. ™ .
There is no known way to achieve any cosmological nonmnwr: on the sum of the neutrino mass
o(Emy) < 25meV without improving Planck’s measurement of the optical depth 7. In particular,
this applies to all methods that rely on comparing low-redshift structures with the amplitude of the
CMB at high redshift, such as galaxy clustering, weak lensing, or cluster counts. PICO therefore
complements all efforts that probe the latestime structure of Em Universe; combining PICO with
these low-redshift observations extends the mn_a:nmo reach of all these experiments well beyond
what they could achieve on their own. .
Reconstructing the CMB lensing ﬁ ‘map on very _m_.ww angular scales, L < 20, requires exquisit
control of mv\masmzo unce .&scnm over a large sky 5255 with sufficient angular resolugion

lensing reconstruction QEQ&E bserve a smaller &Q fraction, with a smaller nymb
frequency bands, and without access to the largest angular scales. As discussed@n Nw\/m‘m\w\v

will vn useful when combined with measurements of galaxy clustering from LSST, Euclid, and
)16 ‘'search forylocal primordial non-Gaussianity via its scale-dependent
mmoom on galaxy bias{see Section 2.2.1/. ,.,/? G{‘

will Hong% measure the len = g signal with a power spectrum SNR larger than 10 per mode on
very large scales. Such Ems. si Emnssnn CMB lensing measurements on the very largest scales

2.4.2 Complementarity with Sub-Orbital gg%..oi»:ﬁét&iii&%ﬁ.\&% .@?

Since the first CMB measurements, an 50 years ago, important observations have been
Emao from the ground, from balleotfis, and from space. Each of the CMB sate}lites flown to date
.NOme WMAP, and Planck4 has relied crucially on technologies and technjques that were first
proved on groung. balloon flights, making these also crucial to :.ﬁMconwmm f PICO. The phe-
=oBo=m§Om and the immense science outcomes produced by, past space missions is a

eir relative advantages, as listed in Table 3. In every respect, with the

rdirect consequence of
ﬁoxowvcos of repairability} space has the advantage. These advantages used to come with higher
¢ wé é%ﬁ 2% (PREATLS
o sindh 2l e
i @ @
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/#11 aremin resolution at 150 GHz, the ground has a clear m%mimmn.,
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relative costs. However, with the advent of massive ground-based experiments this balance shifts;
the costs for a CMB experiment planned for the next decade are squarely within the cost window
of this Probe. We can thus point to the following general guidelines for the next decade.

When the entire sky is needed, as for fluctuations on the largest angular scales, space is by
far the most suitable platform, and for the search for the IGW signal it is absolutely necessary.
When broad frequency coverage is needed, space will be required to reach the ultimate limits set
by astronomical foregrounds. As Figures 1 and 13 demonstrate, Galactic emission overwhelms the
IGW signal on the largest angular scales, and they are dominant even at high ¢, potentially limiting
the process of delensing that is necessary for reaching levels of r < 0.001. The stability offered
in space om:?& be matched on any other platform and translates to superb control of systematic
uncertainties. There is a broad consensus within the CMB community that for levels of r < 0.001
the challenges in the measurement are the ability to control systematic uncertainties and to remove

Galactic emissions; Bwaog focakplane NE:&&, like the one employed by EO@:&& ample raw

sensitivity. The EOOQ goal of o(r) = 1 x 107* is beyond the reach of groundigbservation \EO\&..\\J

Clusters with
An m@nno_u:sﬁ_% large aper-
ture on the ground will also provide high-resolution information at lower frequencies, which may
be important for separating Galactic emissions at high £. A'recommended plan for the next decade
is therefore to pursue a space mission, and complement it with an aggressive ground program that
will overlap in ¢ space, and will add science at:the highest angular SmoE:om beyond the reach of
a space mission. @W , %\\i‘\
Balloon observations have been @83&:&% §EmEo 1 the-past. .;3\ co-lead diScoveries of
the temperature anjsotropy and polarization, provided proving g grounds To-fhe teehins i5gies on-
abling the successof COBE, WMAP and Planck ind trained the scientists that then led NASA’s
space missions. There are wwmsmo areas for which balloon missions can continue to play an im-
portant role, despite their inherently limited observing time. Bal m load can access frequency
bands above 280 GHz; ncz.mc:% %96 -are no plansfor any ground %_v 'm to conduct observations
at higher frequencies. These w.me.—osnw bands will provide important, and perhaps critical infor-
mation about moE—._Noa emission by Galactic dust, a foreground that is currently known to limit
knowledge of the CMB m_mzm_m With ?mwa above 99% of the atmosphere, balloon-borne obser-
vations are:free from the noise induced by atmospheric turbulence, making them good platforms
for observations: of the lows¢ multipoles, and for characterizing foregrounds on these very large
angular scales. From a technology point of view, the near-space environment is the best available
for elevating detects awogomoo_am to TRL6; and balloon-platforms continue to be an excellent

arena for training the sc oscma of t 0 )
10 1 OMOITOW. Wi ™ %Q
2.5 Signal mousgzcz

iffuse Milky Way emissions dominate the sky’s polarized intensity on the largest angular mn&nm%
see Figures 1 and_13,) Polarized radiation arises primarily from the synchrotron emission of ener-
getic electronsk in the magnetic field of our own Galaxy, and fiom thermal emission from
888mﬂ.cmﬁm@:m.ZEo:m_.,So_m&&wo?s@@mmo«wonocs mw&o:m%ﬁmumoi%

elongated-i
decredsing angular mn&m& they can still be considerably brighter than th peak around ¢ = 80
in the cleanest, smaller patches of the sky, far

when averaging over 60% of the sky. In fact, e
ﬂ lactic emissions, their levels are expected to be

alactic plane and thus relatively low in|
for » < 0.01, and dominate it for r < 0.001. Separating the cosmo-

substantial relative to the,
o i
Swhdid G 5797 &W

ever, for science requiring higher angular resolution, such as observations of am
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logical and Galactic 23&5:\ mmmzm_mmwo called foreground mﬂum_ﬁnoww together with control of
systematic uncertainties are the challenges facing any next-decade experiment attempting to reach

these levels of constraints on r.
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Figure 13: Polarization BB spectra of Galactic synchrotron and dust, compared to CMB polarization EE

and BB spectra of different origins for two values of » and for two ranges of angular scales: large { < 5&
corresponding to the reionization peak (left panel)f and intermediate 50 < £ < Go.vno:.o%o:&:w to the }
recombination peak (right panel). The location and sensitivity of the 21 PICO frequency channels is shown %\QW/

as vertical bands. w:ﬁ color scheme is explained in Section mAN.M

The foregroundsseparation challenge would be easily sufmountable

- W W

the Galactic emissions

A

S

were precisely characterized, or were known to have m::w« , fittable sgectral emission laws. But
neither is true. To first order, the spectrum of Galactic synchrotron ¢mission, arising from free Y

electrons spiraling around Galactic magnetic fields, can g, modeled fas a power law Jyync o< V¥
with o == ~ 1 (in brightness units). The spectrum of Om_mnmo dust emission, arising from epnfis-
sion by Galactic dust grains, can be modeled as [y < vBB

and By(T) is the Planck function; this is

i

MA@:&Y v :nﬁwlm ~ 1.6, Tgust

referred to as ‘mo ;?&@ emissio

models were exact, then in principle, an experiment that had % frequency bands could etermine

the three emission parametersyas well as

chrotron, and the CMB. However, recent observations have showmthat nei

the three amplitudes corresponding to that of dust, syn-
ission law is

universal, that spectral parameters vary with the region of sk [158—160]%and thus that the analytic
forms and parameter values given above are valid only as avéTages across the sky. Also, while
both emission laws are well-motivated phenomenological descriptions, the fundamental physics
of emissions from grains of different materials, sizesjand temperatures, and of electrons spiraling

around magnetic fields implies that these

laws are not expected to be exact, nor universal.

Additional polarized foregrounds may exist. ‘Anomalous microwave emission’ (AME}) is ob-

served at mm wavelengths, spatially correlated with thermal dust oEmmmmoé@E with intensity

__—"peake@at frequencies near 30 GHz. While not known to be polarized, even a small (0.1%) frac-

\ S@ tional polarization would be appreciable for o(r) < 0.001. Astrophysical emission from CO lines

at mm wavelengths, and even smdl polarization of radio and infrared sources at shorter wave-
_m:mﬁrm%oc_a also complicate poldrized signal separation [161, 162].

PICO will dramatically imprgve sensitivity to inflationary{Bjmodes. The improved sensitivity

requires concurrent improvemefits in foreground separation.

mple foreground models, suitable

for the current generation of ¢MB measurements, will fail at the higher PICO sensitivity. For

Wk
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Figure 14: Foregrounds maps{ Planck.real sky (left) at 143 GHz, models at 155 GHz from PySM (mid-
die) [168] and Galactic MHD sifiulations (right).
. pRIREY , oo
example, the Planck modified bl ody model assumes that interstellar dust emits at a single
temperature, which is clearly gif"approximation to the more complicated emission along lines of
sight spanning hundreds of €. Several publications have demonstrated that fitting complicated
temperature profiles using a simple one- or two-temperature model will bias the fitted CMB signal .
at levels 8r < 1073, large compared to the PICO goal [163-167]. drivi s m\rﬁa‘@w
Foreground uncertainties, and the level of fidelity required in their characterization, also eempet
tranrsitton in the way we assess and forecast the performance of a future experiment. We can no
longer impose specific models upon the data; rather, the data collected should provide informa-
tion to constrain Galactic emissions with sufficient accuracy. Two broad techniques are available.
Parametric models use the frequency dependence of the data in each line of sight to determine
the effective frequency dependence of foreground emission. Since the CMB spectrum is well de-
termined, measurements with sufficiently broad frequency coverage can distinguish foreground
emission from the CMB.component.lgy their different spectral dependences. Non-parametric tech-
niques,in-contrast, rely on the fact that CMB emission is uncorrelated with the foregrounds and Higse é&wr&w

s

_.~uSe both spatial and frequency correlations within a spatial/frequency data cube to separate CMB

x\x\ from foreground components. Simulated data assess the efficacy of both techniques as a function

~

of increasing complexity for the assumed foreground emission.

To investigate the capacity of PICO to address this foregroundeseparation problem, we use the
approach that has become the ‘gold standard’ in the community. In this approach we simulate sky
maps that are constrained by available data, but otherwise have a mixturef of foreground proper-
ties. We ‘observe’ these maps just like a realistic experiment will do, and then apply foregrounde
separation techniques to separate the Galactic and CMB memEo&. We also provide forecasts us-
ing other techniques that use analytic calculations to estimate the efficacy of foreground separation,
or others in which the simulated sky map is assumed S\mﬁa specific Galactic emission models,

which are then being fitted. )
. Lot
2.5.1 PICO Fore; ﬂm@ Se| mnw:os Methodology o y.ﬁ
3 b A
For assessing En%”m»@ of foréground separation with PICO we used §¥different fulbsky models.

All models were broadly consistent with available data and uncertainties from WMAP and Planck.
The range of models included one test case that had a very simple realization of foregrounds, and
others with varying degree of ooBon:« including spectral parameters varying spatially and along
the line of sight, anomalous microwave emission up to 2% polarized, dust polarization that rotates
slightly as a function of frequency because of projection effects, or dust spectral energy distribution$
that anuuﬁ\ from a simple modified blackbody. All foreground maps were generated at native
resolution of wa&g pixels [169]. They were generated using PySM and/or PSM codes [168,
170]. Distinctly different realizations of the sky are allowed by current data, as demonstrated by
Figure 14. ik

For each of the & models,we added CMB signals in both intensity and voE:.Nmaow matching

/
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foregroundsygs
input CMB (blue) and the rgcovered CMB c‘m&&

ﬁéEn: match well each o@.mM and the underlying
cosmological model (black) atter foreground sep-
aration with the NILC algorithm. This exercise
assumed use of 60% of the sky.

f
=i
|/sz\,\ RECOVERED CMB (HM1 X HM2|
RESIDUAL FOREGROUND o
RESIDUAL NOISE weomsmri
INPUT CMB
1079 s "

10 .v& 100
a ACDM universe. The BB-lensing signal matched the level of 85% delensing forecasted for
PICO. Each of these sky models had 100 different realization of the PICO CBE noise levels; 50
realizations had no IGW signaljand 50 others had a level of r'='0.003. The sky models were
analyzed with a variety of 60:&5:@@2505 were basedon the two broad categories described
above.

foreground separation using a parametric B»xmaﬁw.:wm_:‘_oo
spectral indices are constant on patches of size 15

degrees across.

Mv frequency coverage are in foregroundremoval. Figure 15 shows a result from the gold=
o standard process described abov ne of the sky models and with an Enc@om r = 0.003.
«Mna..u The residual spectra would likely be lower when analysis is carried out
m on only 50 or 40% of the sky, rather than:the 60%used here.
3
Iﬁ the primary CMB bands. Figure 16 shows that removing several of PICO’s
t ritonitor dust and synchrotron at high and low frequencies, . dse
=2 s the extracted BB power spectrum, {yartientarly at the lowest zs_’f wm—hv 7
& esgecially
M idence that PICO could reach its stated target of o'(r) = 0.0001. Map-based
3 arried out for the forthcoming CMB-S4 oxvaz:‘_g”%m..moss that it can
5 005 in small, 3%-size, clean patches of the sky. analysis only used

cigs up to 300/GHz. In principle, even smaller patches of k2% size are msmm&a:”bﬂ:a
preferabl®) for attaining as low &(r) as possible. The PICO noise level per sky pixel is similar
to that of CMB-S4, but PICO will have full sky coverage and thus access to all the clean patches
available. Data from Planck indicate that there are 410 patches as clean, or cleaner than those
used for the CMB-S4 analysis, indicating that PICD’s o&ooim be £ 3 times more stringent.
This scaling is very conservative because it only agsumes CMB-S4’s much narrower breadth of
frequency coverage and its % bands; it neglects PIC®s much stronger rejection of foregrounds with
21 bands and up to 800 GHz:We note that if there Js a detection of Sw@&wz& with r = 0.001,
PICO will make it with [{igh siggificance in multiple independent patches of the g

Results from the Figher-based, analytic calculations give o(r) = 9

94 q?&ws\&w.

, and indicate a very
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Figure _mmw_uoam_.ozna R&E with all of PICO’s 21 frequency bands (efepanel) recovers the input CMB 7 - ;fw

(green) without any bias fred) using the Commander algorithm on the Planck sky.model (with \.thm pixels, M 3

and 50% sky fraction).§ Running the same algorithm on the same sky without several of the lowest and ==z

highest bands (right.pane)) produces an output spectrum (red) that is biased'relative to the input (green) at ,.w m}‘%

low ¥ multipoles. The bias would be interpreted as higher value of r rela 2 m\ﬁrw

with r = 0.001 (dots) and lensing (dashy: . ‘ﬁs««cs.?dhv

small foreground residual with an ﬁm» = &Dolq.

While our results are encouraging, as they suggest that PICO’s frequency coverage and sensitiv-
ity will be adequate for this level of r, more work should be invested to gain complete confidence,
This work Ea_caa&eE:i:m numerous realizations of different sky models, and analyzing them
with various } optimizing sky masks; and using combination of techniques to handle

VRN i
Some of the PICO science goals attempt to detec als. The most m%&ﬂm. one
ith r < 0.001, veithea Bmode

polarization peak signal < 10nK in amplitude at £ = 80. It has long been recognized that exquisite

rve the CMB from space. As WMAP and Planck demonstrated, an 1.2
orbit offers excellent stabili ‘€ flexibility in the choice of scan strategy. PICO tak
; n L2 orbit, using a rotating spacecraft (at 1 rpm) whose spin §wm prece
a 10 hour period, thus scanning the sky in a way that is crosslinked on many time-s¢ales and at
many angles, without interference from the Sun, Earth, or ZooVw 4 i e effects of low
frequency excess noise without additional modulation. The redundancy of observations allows the
checking of consistency of results and an improved ability to calibrate and to correct systematic
errors in post-processing analysis.

A rich literature investigates the types of systematic errors due to the environment, the instro-
mentation, observation strategies, and datg analysis that confound g polarization measurements
by creating a bias or an increased variance{172-174]. Every measurement to date has reached a
systematic error limit, and heve-aduansed many sophisticated techniques;to mitigate systematics,
finding both new technological solutions and new analysis techniques. As an wowv_a.éra.mHOmv@
systematics limited it to{s%0.1[175] while through additional effort witlfin the program, BICEP2
achieved a systematics fimit OAwwumx 1073[176]). In the near term, the gfoundbased and suborbital
CMB community wilf continue to develop new techniques in handling systematics, particularly in

() 2




developing the CMB-S4 pyoject.
All prior on-orbit measurements of CMB polarization were limited by systematic errors until an

in-depth study of the systematics was performed and the post-processing data analysis suppressed
them{2 1, 43, [77]. Particularly we note 3 o?ﬁ:»iwwn: quantifies; ,E.mso systematic error
limits on the polarization power spectral measurements. Recently studied Space missions, such as

EPIC-IM, LiteBird w:a.é / have placed systematic error mitigation at the forefront of the case
for their mission and have developed tools and strategies for estimating and mitigating these[!78~
180]. et

mv\maammn.m are coupled with the spacecraft scan strategy, and the details of the data analysis
pipeline. Thus, end-to-end simulation of the experiment is an essential tool, including realistic
instabilities and non-idealities of the mmmownnm? a_nmnomoﬁ:m:can:w folding in data post-
mnOnmme.m techniques :m.ma to mitigate ﬁ:ﬂwm.moﬁm. ?s\w o5 w @Q 6s
2.6.1 List of Systematics sL sl

@

The systematic errors faced by PICO can be categorized into three broad categories: 1) §
to-polarization leakage? 2) mnmE_EW and 3) straylight are listed in Table 4%
oritized for further studly using a riSk factor incorporating the working group’s assessment of how
mission-limiting the effect is, how well these effects are understood by the community and whether
mitigation techniques exist.

The three highest risk systematic errors were studied further-and are @\mnmm d in subsections

| N A s
below. The PICO team used simulation and analysis tools developed fo{ PlancR[i&1] E&@

ok

adapting them for PICO.
Name Risk _Effect
Leakage §
Polarization {Angle falibra- 5 E—B Sect. 2.6.2. . -
. eion... i m\ .,»mwz % W
SPLMN Bandpas§pjsmatch 4T
Beam mismatch ... 4 TSV E-B  He Sect. 262 -
gé § Time Response {Rcuracy 4 T—=PE-B e %\_
B and$rability . .
Readowsd¥oss-talk. . .. 4 spurious P
AN Chromatic beam shape . 4 spurious P
Gain mismatch .. . 3 TP
i 3 E—B
s TP E—B Al Sect 263
3 T=P E~B
Straylight
Far&idelobes............. 5 spuiousP e Sect.264.
Other
Residual comelated noise 3 increased 2
S (cosmic ray hits)....... ... 2 variance
Coteatio! anfcipated
Table uxwwmﬁ:.w:n n:onm\nei& PICO’s measurement of C polarization. Each source gf system-

atic errors was given a rating of the risk that a-given-systematie-erser will dominate :.:@ mode
A risk level of 5 indicates that a systematic effect is highly significant because it is design-driving, has lim-
ited past experiments, and/or ww@ well understood. #isk level of 4 indicates a systematic’ that is either
known to be largesbut is understodd reasonably éw_vo a smaller effect that requires precise modelin; sk
level of 3 indicates that we expecy the effect to be smafl, but it necessarily well understood enough that
modeling it be done in detail in a mission Pha; # investigated the systematics with risk
levels of 5 vj4 simulations. ,

Y ‘ \
e 20

@
i
i
CMB polarization can be rotated due t _vm birefringent primordial Universe, or a Fargday rotation
due a primordial magnetic field [1 xBWm birefringent foregrounds, or interaction with the Galactic
magnetic mw_aw@ systematic effectsin the instrument, and in particular an error e the direction
of polarization measured by each detector. While the first two sources create a rotation that may
depend on scale, position and/or frequency, the latter depends mainly on the %HQQMWQ o

A rotation & of the direction of polarization mixes the Q and U Stokes parameters via Q +
iU —s e¥2%(Q+iU) and thus mixes ghethe power spectra and their ooqa_mno:wmm illustrated in
Fig. 17.

2.6.2 Absolute polarization angle calibration

(1, =0.5, M=max(10.0.20)

{uK)®

i) . .
;ah w0y ; . o
L . B8
§ Worese rcin
£ 107] 2| = W urcoise, coCHa
w = 3074 W+ 1 noise + CHB
% F e manraol
X < e Tansar-anly,ro10-)
TB - Tensaronly, rw 107
s ot
[ o - ——
S
5 N 3 —
= o 107 & - S
B TS F o -
K
. ¢
6 v )
A~ 10
% 0
=0t
< 0
ot B 1 ot
1o 100

Multipete ¢ Mulpale ¢

<Ay Figure 17: Effect of a rotation of the angle of polarization, assuming the
Al Gt N agﬁﬁgﬂmoma and expected PICO noise performance, assum

The most recen

ing nnﬂmog.an_n:&:w.
i

nstraints on cosmological birefringence/ Planck Gollaboration [183] were

ky the detectors were characterized

(rel.)

using the CMB, but the overall rotation is unlikely to be known

launch to better than @lanch gKnown polarized sources, such as the Crab Nebula, are pgt char-

. acterized well enough independently to serve as calibrators; Aumont et al. [185] sho at the

S\ﬁ(ﬂ’ current uncertainty of 0.33¢ 4% #on the Crab polarization orientation, limits a Banode measure-
- ment to r ~ 0.01, far from PICO’s target.

In the absence of other systematics and foregrounds, a polarization rotation error & of 10’
degrades the of r by 30%, while EB, TBjand BB spectra can measure a rotation ¢ at 36
when az=0.0770.2 and obm _.mmvmnnéawos perfectly delensed maps, and c.wmb.okm:a 4.5 on raw

inciple, the technique of using the 7B and EB spectra can-detest=ane: measure a global
poldrization rotation etror at levels (0.1') below those affecting r measurements in BB (> 1.
owever, a future mission should sighulate additional aspects; such as delensing, the interaction
with foregrounds, and 1/f noise infsimulating and assessing the impact of an anglescalibration
error.

e %3
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