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1 Executive Summary

easurements of the cosmic jnicrowave backgrgund (CMB)
/AV have uncovered tremendous potential iting discoveriesjover the next 10 years. The new,
discoveries, to be delivered by the Prob: nflation and Cosmic Qrigins (PICO),
be revolufionary, affecting physics, astrophysics, and coymology{omthe most fundamental levels.
PICO is an imaging polarimeter that ears with 21 frequency bands
spread between 21 and 800 GHz. It will proguce 10 independent fulssky surveys of intensity and
mommnNmmo_viE a final combined-map noise level that make it equivalent to 3280 Planck missions \MJ
for the baseline required specifications, and estilgated to actually perform as 6400 Planck missions.
1t will produce the first ever fullsky polarization\pmaps at fr
have diffractionsimited resolution, giving it a ¢ #om of
With these unprecedented capabilities, which are unmatched b
platform, PICO could detect the signature of an inflationary epo
mining the energy scale of inflation and giving a first direct

Recent theoretical developments and

y the P}, :ow scale. The combination of
hich will mark a landmark transi-
taether

uring the expected sum of the

for which the characteristic scale of the potential is gi
data with LSST could rule out slow-roll single-field inflatic
tion in studies of inflation. \iils

neutrino masses in two, Eaa@mzami
sum is near 0.1 eV. Thy asurement§ will either det
standard model of particle physics by gounting the number of light particles in the early{niverse
at an energy range that is up to 400 time's higher than available today. The data will constrain dark
matter candidates by pushing Plai #aés on the dark matter crosssection by a factor of 25,

will probe the existence of! gence.

PICO sm._“w.swwmbnﬁ.w:in kx t iverse. It will mea-
sure the.redshift at which strongly constraining physical models describing

formed. It will make a map of the projected matter
ith a signal-to-noise ratio exceeding 500. This map will

5..0%05 the volume of ,
istribution of matter, and will be used to weigh the mass of dark

giveyinprecedented view
matt€r halos

p will be cross-correlated with other next-decade galaxy surveys,
trong, sub-percent accuracy constraints on %Engwmnoéﬁ parameters. An
“information about the role of %:anmo feedbacK™on structure formation

such as LSST, to give
extraordinary amount

mm\agbme/ﬂra oo:imao:amoamnwmio:mﬁmmmmsa.ﬂo-:ommmo:ci:rrmwﬂimm.w_m:m;ml
%\\@E enable\breakifigtresanalysis-duwnse dozens of tomographig/redshift bins, giving extraordi-

" narily detailed information about the evolution of thermal pressufe over cosmic time.
.\\\ Magnetic fields thread galaxies and affect their structure andjevolution, but the oammswm these
alactic

entire Milky Way in polarization with unprecedented detai any frequency bands. Such,maps
are not planned by any other survey, and omsm:oﬁ be prodyced other




sifs /
unique mmps we will map the Galagtic magnetic mwﬁw %EQE.m\n_:nEmm:m e
turbulence and magnetic fields in tjie observed low w”mxonm:maon efficiency, and
constrain the properties of the diffuse intersteliar medium;
By discovering 50,000 proto-clusters with redshift up fo 4.5, and 4500 strohglydensed galaxies

relative roles of
we will strongly

with redshift up to 5, PICO will erattera unique vie early galaxy and cluster evolution. These
counts are factors of 100 to 1000 larger than available with catalogs today, and'the window PTCO

~prevides-berause-Qf iis high.frequency.bande is entirely unique and not available to any other

experiment. By discovering 150,000 clusters distributed over cosmic timeyPICO data, together

with future cluster redshift surveys,will constrain the dark energy equation of state with censtsainte- Liwad

similar to other nexé=decade surveys, N&.&. providing an independent constraint on the minimal
neutrino mass. S 5&9 6

This scientifically ground-breaking mission is based entirely on technologies that are being
used actively today by ground- and balloon-based experiments. All the implementation aspects are
mature, benefitting from thousands of person-year experience of studying the sky at these wave-
lengths. These span over more than 50 years of mapping the CMB and include three enormously
successful space missions. This combined experience unambiguously shows thaf the unlimited
frequency coverage and thermally benign environgent aboard a space-based plafform give unpar-
alleled capability to separate the combination of gplactic and cosmological sigjtals and to control

AN
%ﬁfw&ﬁ?’}
ations will give the styongest constraints yet on specific models of inflation.

A few hundred million years after the Big Bang, the neutral hydrogen gas permeating the Uni-
verse was reionized by photons emitted by the first luminous sources to have formed. The nature
of these sources (e.g., star-forming galaxies or high-redshift quasars) and the exact history of this
epoch are key missing links in our understanding of structure formation. Various measurements,
including Planck’s meesurement of the optical depth to reionization T = 0.054 £0.007, have in-
dicated that reionization concluded by z = 6, but its onset at higher redshift is poorly constrained.
PICO will yield a breakthrough in this context via a cosmic-variance-limited' measurement of T,
with o(7) = 0.002, which can only be directly measured in large-scale CMB polarization fluctu-
ations (this is SO5). The only proven method to date for measuring this signal, which requires
exquisite control of systematics and foreground contamination, is a space-based platform.

Lensing of the CMB phgqtons by structures as they traverse the Universe provides a projected
map of all the matter in the ?Smo\@oa the epoch of decoupling until today. The non-zero mass
of neutrinos affects the clustering of matter and thus can be inferred from maps of the projected
matter distribution. The quantity that can specifically be inferred is the sum of the neutrino masses.
The current constraint from the combination of Planck and large-scale structure data is Y my <
0.12 eV (95%). This is approaching the minimumysummed mass allowed in the inverted neutrino
hierarchy of ~ 0.1 eV and is within a factor of of the minimal mass allowed in the normal

systematic uncertainties. These qualities, which are critical ingredients for any/next-decade exper- 7 \.w hierarchy of ~ 0.06 eV. A detection thus appears imminent. However, the precision of determining
iment, make PICO the optimal platform for a nexwgeneration CMB experimeit. &f abﬁ o ‘ the neutrino mass scale, using the CMB or any other cosmological probe, is limited by knowledge
ol K)P _,)C(s»& of 7, due to the strong degeneracy between T and the amplitude of matter fluctuations. PICO’s map

%

2 Science
2.1 Introduction

The Probe of Inflation and Cosmic Origins (PICO) is an imaging polarimeter designed to survey
the entire sky at 21 frequencies between 21 and 800 QEN&S:S a polarization sensitivity that is 57
or 82 times tha of the Planck mission for the PICO baseline and current best estimate (current best
mw:Emﬁmwnwmmv configurations, respectively.

The mission requirements, which define our baseline design, flow down from a small set of key
science objectives listed in Table 1. As outlined in this report, this baseline gives rise to a mission
that will reach an extraordinarily broad set of science targets, ranging from inflation, to constraints
on fundamental particles and fields, to cosmic structure formation and {galactic science.

According to inflation, quantum fluctuations in the space-time metric created a background of
gravitational waves that imprint a unique signature on the polarization of the CMB. A detection of
this inflationary gravity wave (IGW) signal “would be a watershed discovery", a quote from the

010 decadal panel report [1]. It would be the first observational evidence for quantum gravity,

e signal would also give important clues about the nature of inflation, in particular the energy

scale at which it occurred. The strength of the signal is commonly parameterized by a parameter

commonly labeled r, the tensor-to-scalar ratio. The combination of data from Planck and the
BICEP/Keck Array give the stgongest constraint to aEw\. < 0.06 (95%) [2].

Emission within our own mm_mzc\ is a source of confusion that must be separated with high fi-
delity before definitive discovery, or stronger upper limits, can be claimed [3]. For the levels of
r targeted in the next decade, PICO has both the frequency coverage and sensitivity to measure
and separate sources of foreground confusion and is thus poised to detect or place unprecedented
constraints on the physics of inflation. Its measurements of the spectral index of primordial fluctu-

of the projected matter, with signado-noise ratio (SNR) exceeding 500 — a result of its low noise
and high angular resolution — and its own cosmic-variance-limited measurement of wiE givi
46 detection of ¥my in the normal hierarchy, rising o€} 7o for the inverted E@nﬁu:v\ﬁﬁoo SO3i,
The CMB offers a unique window into the thermal history of Smgisw_.mo, from the time of
Theating throughtoday. It is during these eras that the matter and radiation that fill %mgiénmo
were produced and evolved to form the structures observed at low redshifts. Measurements of
the CMB on small angular scales are sensitive to the many components that make up Emﬁa?wao
including the baryons, cosmic neutrinos, dark matter, and a wide variety of particles motived by
extensions of the Standard Model. The Standard Model of particle physics posits three neutrino
families, but it also allows for additional light, relativistic particles, if they existed early enough
during the evolution of the Unjverse. We count the total number light particles thermalized in
the wﬁ@ﬁu?nan using Negr. {jlight particles thermalized in=the-paslynmisesse leave a universal
contribution to Nggr that is sensitive to the freeze-out temperature and the spin of the particle. The
current Planck measurement of Negr = 2.99 £0.17 (10) is sensitive to particles thermalized after
the QCD phase transitions. PICO’s measurement with o(Ngr) = 0.03 (SO4), enabled by low noise
levels, high resolution, and’fullsky coverage, will reach back to times when the temperature of
the Mniverse was orders oh\ magnitude hotter than we have probed today, and a period that is still
largely unexplored. These same experimental features are advantageous not only for Neg but for
any new physics with signatures on the CMB. Of particular interest is the nature of dark matter and
its interactions. PICO will place constraints that are more tha @m order of magnitude stronger than
Planck for a dark majter particle ¥ MeV mass range, which ¢a :Ww.oﬁ be probed by direct detection
experiments. PICO will thus revedl important clues to the nature of the ?:mwﬁm:ﬁhmﬁ and our
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served density perturbations ﬁ_mn have been created long before the CMB was released, and E&%

Angular scale
remarkablyyeven before the fjniverse became filled with a hot and dense plasma of fundamental 10" ¢ r 0.1
_particles. Q:mﬂ&m:&:m the mechanism generating these perturbations, which evolved to il the 10 o
??Qmm with structures, is one of the most important open questions in cosmology. m \ T ) B-modes@1ss gy, — oo
PICO’s precision measurements of temperature and E-mode polarization anisotropy would pro- = -
vide additional information about the statistical properties of the primordial density perturbations . < &
generated during this epoch. In addition, PICO{wouldjbe exquisitely sensitive to the faint imprint % tfca. M, 3
gravitational waves present during recombination leave on the polarization of the CMB. Unlike X S s
density perturbations, they not only generate primordial temperature and E-mode @oumnNmao:\cE @lse i I "
primordial B-mode polarization [4, 5]. Any detection of primordial B-mode polarization by PICO
would constitute evidence for gravitational ém<m.#mwo:_ the same primordial period that created the I 10004000 107 i T
density perturbations and open a new window onythis early epoch. Multipole moment £ Multipole fnoment £
Because the dynamics of gravitational waves'is essentially unaffected by the plasma physics, . . |
they would be a pristine relic left over from the earliest moments of ourfjiniverse, and their prop- Figure 1: Left panel: EE (red) and lensing BB (green) angular power spectra and fpeig measurement uncer-

tainties predicted for PICO (gray), as well as the BB power spectrum produced b; @ ith different values
of r. Also shown are measurements of lensing from current experiments (orange) afid Planck measurements
of the E mode (dark blue) [| 7-21]. The BB spectra of Galactic emission on the cleanest 60% of the sky at
75 and 155 GHz (purple) dominate the cosmological signals except at {1000 and over a narrow frequency
band. Right panel: Predicted uncertainties for a detection of primordial gravitational waves with r = 0.0005
for PICO (gray), together with the signal (blue), the instrumental noise (orange), and the lensing residual

erties would shed light on the mechanism that created the primordial perturbations. Knowledge of
the strength of the signal and its statistical properties would transform our understanding of many
areas of fundamental physics.

Inflation, a period of nearly exponential expansion of the owav\ﬁs?ﬂ.mm [6-9], is the lead-
ing paradigm explaining the origin of the primordial density perturbations [10~14]. It predicts a

nearly scale=tnvariant spectrum of primordial gravitational waves originating from quantum fluc- after internal delensing (red). .
tuations [15]. In this mmsmm\m detection of primordial B-modes would be the first observation of a 2
phenom i uantum gravity [16]. value, either like a power law or exponentially. Two representativg examples in this class are
ecause the spectrum is sca &5&3&? one may hope to detect primordial gravitational waves shown as the green and gray bands in Figure 2. This class also include{R? inflation, which predicts
\\\ over a wide range of ?o@:o:&o%i&:&: for example, at LIGO or LISA frequencies. However, a tensor-to-scalar ratio of »£y 0.004. All models in this class with a characteristic scale in the
Iy m ﬁ W as a consequence of the expansion of Eaﬂiﬁaﬂ the energy density in the gravitational waves potential that is larger than the Planck scale predict a tensor-to-scalar ratio of » 2 0.001. Different
r il rapidly dilutes with increasing frequency, and observations of the CMB provide the easiest, and values of characteristic scales are indicated by the darker lines in Figure 2. Many microphysical
wéé.b/ @on the foreseeable futurgonly way to detect these gravitational waves. models in this class possess a characteristic scale that is super-Planckian, but there are Ecam_m\
- The strength of the signal, often quantified by the tensor-to-scalar ratio r, is a direct measure such as the Goncharov-Linde Bo%%i:: a somewhat smaller characteristic scale that predict a
of the expansion rate of the %:Emnmw during inflation. Together with the Friedmann equation, tensor-to-scalar ratio of rgy 4 x 107%[22].
this reveals one of the most important characteristics of inflation, its energy scale. PICO’s goal
is to detect primordial gravitational waves if inflation occurred at an energy scale of at least 4 x : ET [ PICO goal
10" GeV, or equivalently a tensor-to-scalar ratio of r = 3 x 107, A detection would have profound . BKI4/Planck Figure 2: Current 1 and 20
implications for fundamental physics because it would provide evidence for a new energy scale vo(1- (gim)%) limits on r and ns (blue)
tantalizingly close to the energy scale associated with grandsunified theories, and would allow us \23%8% and forecasted constraints for
to probe physics at energies far beyond the reach of terrestrial colliders. o M ~ —_ s.ueM H7<N <57 a fiducial model with r =
Even in the absence of a detectionPICO’s measurements would contain invaluable information .\9\5\&\5 > - P HWA o< M H 0.0005 @n EOOA ,Zmo shown
about the mulv\g:?nnmn. There are esm two classes of slow-roll inflation in agreement with current “ :ws s U:M MM are predictions .Ea mso se-
data that naturally explain the observed value of the spectral index of primordial fluctuations Mw z “% lected ann_w of inflation dis-
The first class is characterized by poténtials of the form V(@) o< ¢, This class includes many of | o GL N=50 cussed in the text.
the simplest models of inflation, sorfe of which have already been strongly disfavored by existing 0955 0960 0965 0970 0975 09%0 0985 09% 0995 100
ovwm?mao:mhmmm the right panel vV.N_ Figure M« If the constraints on the spectral index tighten by 5»5 ns ;
about a factor 2 with the central yalue unchinged, and the upper limits on r improve by an order \, . WitL o _
of Smm:::an% this class would bé ruled out. Select models in this class are shown as blue lines in In the w_umoznom of a detection, PICO weulet limit the amount of gravitational waves to r < 107
Figure 2 ¢ .,.m at 95% CL and wewitt exclude all these Boaﬂm. o ) o
The soc ww._ d class is charactbrized by potentials that approach a constant as a function of field Let us now take a closer look at the signal. As shown in Figure 1, it has two contributions, one
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