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Why Space?

• All sky

– Can measure largest angular scales

– Absolute calibration from orbital dipole

• All frequencies

– Good for foregrounds

• No atmosphere

• No ground

– From Sun-Earth L2, Sun, Earth, and Moon are relatively close in the sky and can be blocked “easily”

No problem from comm satellits orbiting Earth

• Space is cold

• Rule of thumb: one detector in space is worth 100 on the ground
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Opportunities in Space

• Space agencies have discrete categories of mission

• ESA has nothing in preparation at this time, at any scale

• JAXA has LiteBIRD, which you just heard about

• NASA

“Flagship or Strategic missions”: BIG, >$1 B (JWST almost $10 B, Roman ∼$4 B. . .) Decadal review

“Probes”: $1 B PI cost cap Competed

“Mid-sized Explorer – Midex’’: ∼$350 M PI cost cap Competed

“mall-size Explorer – Smex”: ∼$170 M PI cost cap Competed

Smaller things Competed

• We have tried multiple times to fit a compelling CMB mission into a Midex cap, and failed

– With a maxed-out non-NASA contribution (30%), it might be possible to do something good, but it’s
a long shot

• In the mid-2010s, NASA (Paul Hertz) posed the question to the community

“Does the CMB need a flagship-scale mission?”

• The answer was “no”, and attention in preparation for Astro2020 turned to a possible new
class of mission, Probes

Future Satellite Missions Lawrence—3 2024 Julyl 31



Probes

• Before Astro2020, the answer to the question “What’s between a Midex and a flagship in
astrophysics?” was “Nothing”

• The potential and need for missions in that OOM cost diffence between Midex and Flagship
was widely discussed

• To put some thought behind the idea, NASA held a pre-decadal competition for “Probe-
scale” mission concepts, and selected 11 for study.
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One of Them Was . . .
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Astro2020 Delivered

“In addition, the survey recommends
a new line of probe missions to be
competed in broad areas identified
as important to accomplish the
surveys scientific goals. For the
coming decade, a far-IR mission,
or an X-ray mission designed to
complement the European Space
Agency (ESAs) Athena mission,
would provide powerful capabilities
not possible at the Explorer scale.
With science objectives that are
more focused compared to a large
strategic mission, and a cost cap of
$1.5 billion, a cadence of one probe
mission per decade is realistic.”
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PICO, 2019

by mitigating viewing restrictions imposed by terrestrial and lunar stray light. The PICO orbit around L2 is
small enough to ensure that the Sun–Probe–Earth (SPE) angle is less than 15�. This maintains the telescope
boresight > 70� away from the Earth (Fig. 4.2, 70� = 180� �a �b �SPE).

High data-rate downlink to the Deep Space Network (DSN) is available from L2 using near-Earth Ka
bands. L2 provides a stable thermal environment, simplifying thermal control. The PICO orbit exhibits no
post-launch eclipses.

NASA requires that Probes be compatible with an Evolved Expendable Launch Vehicle (EELV). For the
purpose of this study, the Falcon 9 [289] is used as the reference vehicle. Figure 4.1 shows PICO configured
for launch in a Falcon 9 fairing. The Falcon 9 launch capability for ocean recovery exceeds PICO’s 2147 kg
total launch mass (including contingency) by a 50% margin.

Insertion to the halo manifold and associated trajectory correction maneuvers require 150 m s�1 of total
DV by the spacecraft. Orbit maintenance requires minimal propellant (statistical DV ⇠ 2 m s�1 year�1). The
orbital period is ⇠ 6 months. There are no disposal requirements for L2 orbits, but spacecraft are customarily
decommissioned to heliocentric orbit.

4.1.2 Survey Design
PICO employs a highly repetitive scan strategy to map the full sky. During the survey, PICO spins with a
period Tspin = 1 min about a spin axis oriented a = 26� from the anti-solar direction (Fig. 4.2). This spin
axis is forced to precess about the anti-solar direction with a period Tprec = 10 hr. The telescope boresight is
oriented at an angle b = 69� away from the spin axis (Fig. 3.1). This b angle is chosen such that a +b > 90�,
enabling mapping of all ecliptic latitudes. The precession axis tracks along with the Earth in its yearly orbit
around the Sun, so this scan strategy maps the full sky (all ecliptic longitudes) within 6 months.

PICO’s a = 26� value is chosen to be substantially larger than the Planck mission’s a angle (7.5�) to
mitigate systematic effects by scanning across each sky pixel with a greater diversity of orientations [290].
Increasing a further would decrease the Sun-shadowed volume available for the optics and consequently
reduce the telescope aperture size. A deployable Sunshade was considered, but found not to be required,
and was thus excluded in favor of a more conservative and less costly approach.

The instrument spin rate, selected through a trade study, matches that of the Planck mission. The study
balanced low-frequency (1/ f ) noise subtraction (improves with spin rate) against implementation cost and
heritage, pointing reconstruction ability (anti-correlated with spin rate), and data volume (linearly corre-
lated with spin rate). The CMB dipole appears in the PICO data timestream at the spin frequency (1 rpm

Figure 4.1: PICO is compatible
with the Falcon 9.

Figure 4.2: PICO surveys by continuously spinning the instrument about a pre-
cessing axis.

40
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PICO Mission Parameters, 2019
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PICO Detectors, 2019

Table 3.2: PICO has 21 partially overlapping frequency bands with band centers (nc) from 21 GHz to 799 GHz and
each with bandwidth Dn/nc = 25%. The beams are single mode, with FWHM sizes of 6.02⇥ (155GHz/nc). The CBE
per-bolometer sensitivity is photon-noise limited (§ 3.2.4). The total number of bolometers for each band is equal
to (number of tiles) ⇥ (pixels per tile) ⇥ (2 polarizations per pixel), from Table 3.1. Array sensitivity assumes 90%
detector operability. The map depth assumes 5 yr of full sky survey at 95% survey efficiency, except the 25 and 30 GHz
frequency bands, which are conservatively excluded during 4 hr/day Ka-band (26 GHz) telecom periods (§ 4.2).

Band Beam CBE CBE Baseline Baseline polarization
center FWHM bolo NET Nbolo array NET array NET map depth

[GHz] [arcmin] [µKCMB s1/2] [µKCMB s1/2] [µKCMB s1/2] [µKCMB arcmin] [Jy sr�1]

21 . . . . . . . . 38.4 112 120 12.0 17.0 23.9 8.3
25 . . . . . . . . 32.0 103 200 8.4 11.9 18.4 10.9
30 . . . . . . . . 28.3 59.4 120 5.7 8.0 12.4 11.8
36 . . . . . . . . 23.6 54.4 200 4.0 5.7 7.9 12.9
43 . . . . . . . . 22.2 41.7 120 4.0 5.6 7.9 19.5
52 . . . . . . . . 18.4 38.4 200 2.8 4.0 5.7 23.8
62 . . . . . . . . 12.8 69.2 732 2.7 3.8 5.4 45.4
75 . . . . . . . . 10.7 65.4 1020 2.1 3.0 4.2 58.3
90 . . . . . . . . 9.5 37.7 732 1.4 2.0 2.8 59.3

108 . . . . . . . . 7.9 36.2 1020 1.1 1.6 2.3 77.3
129 . . . . . . . . 7.4 27.8 732 1.1 1.5 2.1 96.0
155 . . . . . . . . 6.2 27.5 1020 0.9 1.3 1.8 119
186 . . . . . . . . 4.3 70.8 960 2.0 2.8 4.0 433
223 . . . . . . . . 3.6 84.2 900 2.3 3.3 4.5 604
268 . . . . . . . . 3.2 54.8 960 1.5 2.2 3.1 433
321 . . . . . . . . 2.6 77.6 900 2.1 3.0 4.2 578
385 . . . . . . . . 2.5 69.1 960 2.3 3.2 4.5 429
462 . . . . . . . . 2.1 133 900 4.5 6.4 9.1 551
555 . . . . . . . . 1.5 658 440 23.0 32.5 45.8 1580
666 . . . . . . . . 1.3 2210 400 89.0 126 177 2080
799 . . . . . . . . 1.1 10400 360 526 744 1050 2880

Total . . . . . . . . . . . . . . . . . . . . . . . . . . 12 996 0.43 0.61 0.87

3.2.4 Sensitivity
PICO’s Current Best Estimate (CBE) sensitivity meets the requirements of the baseline mission with > 40%
margin (Table 3.2).

We developed an end-to-end noise model of the PICO instrument to predict mission sensitivity and
provide a metric by which to evaluate mission design trades. The model includes four noise sources per
bolometer: photon, phonon, Johnson, and readout (from both cold and warm readout electronics). To
validate our calculations, we compared two independent software packages that have been validated with
several operating CMB instruments. The calculations agreed within 1% both for individual noise terms and
for overall mission noise. A detailed description of the PICO noise model and its inputs is available in Young
et al. [254]; small differences between that publication and Table 3.2 are due to refinements of the primary
mirror and stop temperatures.

Laboratory experiments have demonstrated that TES bolometers can be made background-limited in the
low loading environment they would experience at L2 [267]. For PICO, the primary contributor to noise is
the optical load. The sources of optical load are the CMB, reflectors, aperture stop, and low-pass filters. The
CMB and stop account for at least 50% of the optical load at all frequencies up to and including 555 GHz.
At higher bands emission from the primary mirror dominates.

The sensitivity model assumes white noise at all frequencies. Sub-orbital submillimeter experiments
have demonstrated TES detectors that are stable to at least as low as 20 mHz [268], meeting the requirements
for PICO’s scan strategy (§ 4.1.2).

36
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PICO Focal Plane, 2019

plane is shown in Fig. 3.3 and detailed in Table 3.1.
Bolometers operating in the mm/sub-mm wave band are photon-noise limited. Therefore, increase in

sensitivity is achieved through an increase in detector count. The PICO focal plane has 12,996 detec-
tors, 175 times the number flown aboard Planck, thereby providing a breakthrough increase in sensitivity

Figure 3.3: PICO focal plane. Detectors are fabri-
cated on six types of tiles (shown numbered and col-
ored as in Table 3.1). The wafers are located on the
focal plane such that higher frequency bands, which
require better optical performance, are placed nearer
to the center. All detectors are within the diffraction-
limited performance for their respective frequency
bands.

with a comparably sized telescope. This breakthrough
is enabled by development and demonstration in subor-
bital projects, which now commonly operate arrays of
103–104 detectors (§ 5). Further technology maturation
required for PICO is described in Section § 5.

3.2.1 21–462 GHz Bands
Several optical-coupling technologies have matured
over the past ten years to efficiently use focal-plane
area: horns with ortho-mode transducers (OMTs) [258];
lithographed antenna arrays [259]; and sinuous anten-
nas under lenslets [260]. Horn-coupling and sinuous
antenna/lenslet-coupling deliver quantum efficiency >
70% over more than an octave of bandwidth, which have
been partitioned into two or three colors per pixel. Only
single-color pixels have been demonstrated to date with
antenna-arrays, but this coupling enables smaller pixels
and therefore they can be more densely packed. Table 3.1: PICO makes efficient use of the focal

area with multichroic pixels (three bands per pixel,
§ 3.2.1). The sampling rate is based on the small-
est beam (Table 3.2), with 3 samples per FWHM at
a scan speed (360�/min)sin(b = 69�) = 336�/min.
Scaling from suborbital experience, we anticipate
that TES bolometers can support these sampling rates
with ⇠ 4⇥ margin.

Tile Pixels/ Pixel Band centers Sampling
type Ntile tile type [GHz] rate [Hz]

1 6 10 A 21, 30, 43 45

2 10 10 B 25, 36, 52 55

3 6 61 C 62, 90, 129 136

4 6 85 D 75, 108, 155 163
80 E 186, 268, 385 403

5 2 450 F 223, 321, 462 480

6 1 220 G 555 917
200 H 666
180 I 799

The PICO baseline focal plane employs three-color
sinuous antenna/lenslet pixels [261] for the 21–462 GHz
bands. Niobium microstrips mediate the signals between
the antenna and detectors, and partition the wide con-
tinuous bandwidth into three narrow channels using in-
tegrated, on-wafer, micro-machined filter circuits [262].
Six transition edge sensor bolometers per pixel detect the
radiation in two orthogonal polarization states.

3.2.2 555–799 GHz Bands
PICO’s highest three frequency channels are beyond the
niobium superconducting band-gap, rendering on-wafer,
microstrip filters a poor solution for defining the optical
passband. For these bands we use feedhorns to couple the
radiation to two single-color polarization-sensitive TES
bolometers. The waveguide cut-off defines the lower
edge of the band, and quasi-optical metal-mesh filters
define the upper edge. Numerous experiments have suc-
cessfully used similar approaches [263–265].

3.2.3 Polarimetry
Polarimetry is achieved by differencing the signals from
pairs of two co-pointed bolometers within a pixel that are sensitive to two orthogonal polarization states.
Half the pixels in the focal plane are sensitive to the Q and half to the U Stokes parameters of the incident
radiation. Two layouts for the distribution of the Q and U pixels on the focal plane have been investi-
gated [266]; both would satisfy mission requirements. Stokes I is obtained from the sum of the signals of
orthogonal detectors.
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Back to Astro2020

Pathways to Discovery in Astronomy and Astrophysics for the 2020s
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holes, searching for the first seed black holes at high redshifts (z~10), and characterizing the activity of 
stars and studying their evolution. 

Because of the unique science that can be addressed with a mission complementary to Athena, a 
targeted X-ray probe is one of the priorities for a probe mission competition. While a probe would not 
fulfill all objectives of a large strategic mission such as Lynx, a probe mission could enhance Athena, and 
also address important capability gaps. Which of the scientific objectives mentioned above can be 
achieved by a probe scale mission is unclear at this time. For a mission properly selected and scoped, 
there are multiple potential science opportunities that are both unique and timely. Depending on the 
scientific focus, it is not necessary for the X-ray probe to be operational simultaneously with Athena, 
rather the survey envisions strong complementarity of the science focus. 

7.5.3.5 An Early Universe Cosmology and Fundamental Physics Probe 

As detailed in the report of the Panel on Cosmology, studies of the cosmic microwave 
background continue to provide data that address profound and fundamental questions about the universe 
on the largest scales and during its earliest moments. As noted by the EOS-2 panel report, “space 
observations will unquestionably be needed for the best foreground separation and the lowest systematic 
errors on all angular scales, and especially on angular scales of greater than about ten degrees.” With 
investment in technologies this decade, combined with ground-measurements, cosmic microwave 
background (CMB) probe mission could potentially be a compelling candidate for the future probe call in 
the 2030’s, complementing the survey’s ground-based CMB-S4 recommendation. 

7.5.4 Prioritization of NASA Sustaining and Frontier Activities  

The survey’s top priority for medium and large programs is for NASA to complete the major 
astrophysics facilities and missions currently in development, including its commitments for participation 
in major ESA missions, and to maintain the Explorer program at the current healthy rate (see Table 7.1 
for a list of these activities).For new missions and programs, the survey does not prioritize projects 
between sustaining activities and advancing large strategic missions, as both achieve equally important 
goals for the program. This parallels previous surveys that have not prioritized programs in the large 
category relative to medium or small scale activities. The rationale for this is the overriding need for the 
balance of mission and program scales required for the success of the astronomy and astrophysics 
enterprise. In the sustaining program category the survey prioritizes the time-domain program over the 
probe line, due to the urgent need to maximize return from major U.S. investments in LIGO and Rubin 
Observatory on the ground, and Roman in space. For large strategic missions, the highest priority is for 
NASA to rapidly establish the Great Observatories Mission and Technology Maturation program, with 
the most important element in that category being to commence maturation of the large IR/O/UV mission.  

The largest budgetary increase associated with the recommended program arises in the latter half 
of the decade, assuming that the large IR/O/UV mission is technically ready and sufficiently mature to 
commence detailed design and implementation (See Figure 7.10). If, for budget or technical reasons, this 
must be delayed, it is still important for NASA to proceed with the mission and technology maturation 
programs for a Far IR observatory and a high-resolution X-ray observatory. This will help to minimize 
the time between the ultimate realization of the IR/O/UV mission and the subsequent large strategic 
mission. 

• This is the only mention of a 2030 Probe candidate by Astro2020
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Work Has Continued — I
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Work Has Continued — II

Results: PICO r constraints for different sky models
r = 0 and r = 0.003 after 73% delensing

● r = 0 after 73% delensing

Why is it biased for the Multi-Layer Dust?
→ Foreground residuals
→ Full sky: some patches of sky more contaminated than others → Multipatch analysis

r = 0.003: [r ± 𝜎(r)]r = 0: r95%Sky model

(3.15 ± 0.16)  x 10-32.6 x 10-4Planck Baseline: dust + sync

(3.09 ± 0.13)  x 10-31.5 x 10-4Two component dust model + 
sync + AME

(3.09 ± 0.11)  x 10-31.3 x 10-4Physical Dust + sync + AME

(3.09 ± 0.11)  x 10-32.7 x 10-4Tigress MHD simulation (dust, 
sync) + AME 

(3.93 ± 0.32)  x 10-313.2 x 10-4Multi-Layer Dust + sync + AME

10

r = 0.003
Recover input r 
value with 
~ 20𝜎
confidence
→Strongest for 
any proposed 
instrument

⇒ 3𝜎 bias

JCAP 06 (2023) 034
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Work Has Continued — II

● MultiLayer sky model: Biased estimation of r
● Mitigation of the bias → compare independent 

constraints on r from independent sections of the sky

555GHz: frequency channel close to CMB 
channels and dominated by dust

The bias comes from the areas of sky with 
high polarized intensity from dust.

If we estimate r on the patches which are 
least contaminated by dust, r estimation is 
no longer biased for r= 0. What about r = 
0.003?

Equal area sky sections with fsky = 2.5%

● Dust → Bias
● Tracer of dust: 555 GHz
● Least contaminated 

patches:
For r = 0, r95% = 1.9x10-3

(magenta) r95% = 1.6x10-

3 (orange)95% confidence limits for r = 0 and r = 0.003 per patch

11

JCAP 06 (2023) 034

⇒ Need a space mission with high sensitivity

Multipatch analysis
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What’s Changed Since 2019? — I

• Rockets are getting bigger and cheaper

https://everydayastronaut.com/definitive-guide-to-starship/
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What’s Changed Since 2019? — Ia

https://impulso.space/blog/posts/falcon-heavy-vs-starship/
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What’s Changed Since 2019? — II

• Foregrounds and delensing are becoming better understood

• Superconducting parametric amplifiers have been demonstrated at centimeter wavelengths,
with noise about 2X the quantum limit

• The schedule for CMB-S4 has slipped. Instead of taking data in 2027 or so, the expectation
at the time of Astro2020, the current estimate.

– The scheme of “ground first” then “Probe-scale space in 2030” has to be rethought

– Also, the first Probe call was in 2023, not 2020
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Summary

• Space is still there

• Work on foreground separation and delensing for a Probe-scale mission continues at a low
level

• NASA is supporting some relevant technology development

• Ground-space complementarity should be reassessed as part of studies being undertaken
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