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Key Questions
How to ensure that: parts made by many hundreds of causally-disconnected
people work together?
what is built does what it’s supposed to do?
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Key Questions
How to ensure that: parts made by many hundreds of causally-disconnected
people work together?
what is built does what it’s supposed to do?
• Basic answer is to
–

work out a design that can achieve the science goals within cost and other constraints

–

divide it into pieces that can be built acausally according to local requirements

–

build the pieces and test them against requirements

–

assemble the pieces and test them at each level of integration

all within budget/schedule constraints
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Tools
• Science Traceability Matrix
–

Top-level summary of what CMB-S4 is supposed to do, and how it will do it

• Error budgets
–

Shows how the errors/uncertainties introduced by all components add up to the overall
measurement uncertainty

• Requirements
–

What do the pieces have to do? What other characteristics must they have? How will
they be tested?

–

Levels 1 → n, corresponding to the entire system down to sub. . .subsystems

• Work Breakdown Structure
–

Who builds what?
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Tools

STM
ERROR BUDGETS

Analysis & Simulations

Error Budgets (Analysis & Simulations)

REQUIREMENTS
S2M Flowdown

Lawrence, Knox, Holder, Zivick, Parallel 3 + 4—5

CMB-S4 Zoom 01 April 2020

S2M Flowdown
(Science → Measurements)

Success Criteria for August Review
Jeff Zivick, Charles Lawrence
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Success Criteria for August NSF Review — 1
1.

Are the engineering design and construction plans appropriately defined at the conceptual design
level of project maturity. Are the management plans and budget estimates for preliminary design, final
design, construction, and operation of the project reasonable?

2.

Is the flowdown of requirements from science to major subsystems complete and traceable? If not, is
there an adequate plan for timely resolution of open items. Requirements must be traceable to top
level science goals and objectives.

3.

Does the technology to execute the project exist or will exist shortly, and can it be used without
excessive risk? Which technical elements require further R&D in order to establish their readiness for
implementation? Please comment on any uncertainties foreseen in completing the necessary R&D.
Advise NSF on the prospects of achieving technical readiness for construction of all technical elements
prior to the start of construction.

4.

Is the definition of the technical interfaces is consistent with the overall technical maturity and is there
an acceptable level of risk?

5.

Examine the technical scope of each top-level WBS element proposed for MREFC-funded construction
and advise NSF regarding its completeness, as documented in the projectâ^s Cost Book, at a
Conceptual Design level of maturity. Examine the WBS dictionary defining the scope of each of
the elements. Do the top-level WBS categories encompass all of the major functional elements of
the proposed project, as well as other necessary activities such as project management, Systems
Engineering, QA, ES&H? If not, whatâ^s missing?

6.

Does the management plan for construction clearly state the responsibility and authority over NSF funded
scope with transparency and accountability?
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Success Criteria for August NSF Review — 2
7.

Is the role of Systems Engineering clearly established to coordinate interdependencies between the NSF
scope and the various subsystems of the overall scope?

8.

Examine the interrelationships between the management of the NSF-funded scope, the DOE-funded
scope, and any in-kind scope contributions and advise NSF on foreseen risks.

9.

Are project risks are understood and credibly assessed, and plans, a process, and resources exist to
effectively manage them.

10. Advise NSF on the completeness of identification of the significant external dependencies in the
construction schedule, and the reasonableness of project planning done so far to minimize the impacts
of external decisions and potential delays by others.
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Science Traceability Matrix
Open Issues
Lloyd Knox, Gil Holder
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Current STM
DOE & NAS SCIENCE GOALS
(P5* Strategic Plan;
New Worlds New Horizons 2010)

SCIENCE OBJECTIVE

SCIENCE REQUIREMENT

"Undertand cosmic
acceleration: dark energy and
inflation."––P5

Test models of inflation If r = 0: Set 95% confidence upper limit
by measuring or putting at r ≤ 0.001;
If r > 0.003: measure at equivalent 5𝝈
upper limits on r, the
ratio of tensor
Support CMB experiments as fluctuations to scalar
part of the core particle physics fluctuations.
program.

"What are the properties of
neutrinos?"––NWNH2010
Discover the elementary
constituents of matter and
energy.

Determine the role of
𝝙Neff ≤ 0.06, 95% confidence
light relic particles in
fundamental physics,
and in the structure and
evolution of the
Universe.

"Explore the unknown: new
particles, interactions, and
physical principles."––P5

Measure the emergence
of galaxy clusters as we
know them today
Explore the mm-wave
transient sky. Measure
the rate of mm-transients
for the first time. Use the
rate of mm-wave GRBs to
constrain
GRBof dark
Test
models
energy
and modified
"Understand cosmic
mechanisms.
Provide
byvariability
measuring
acceleration: dark energy and gravity
mm-wave
and
the
growth of cosmic
inflation."––P5
polarization
structure
measurements for stars
"How do baryons cycle in and Understand
the impact
and AGN.
out of galaxies, and what do
of feedback processes
they do while
on the distributions of
they are there?"––NWNH2010 dark and baryonic
matter in the Universe
Cosmic Dawn: Origins: The
origin of galaxies and largescale structure
Test models of dark
matter by measuring
the clustering of cosmic
What is the dark matter in the
structure and searching
universe?
for new dark matter
interactions with normal
matter
mm-wave
characterization for
gravitational wave and
high energy neutrino
sources for
multimessenger
astrophysics
Measure longwavelength (RayleighS2M Flowdown
Jeans) thermal
emission from solar
system objects
Magnetic fields and star
"Open the mm-wave window
onto the transient universe for
multi-messenger astronomy."

MEASUREMENT REQUIREMENT
Measure Q and U over a sufficient fraction of the sky at a sufficient set of
frequencies to control foregrounds with: a) sufficient control of low ell noise
and
systematics and b) sufficient resolution to allow delensing. One set of
measurement specifications that satisfies this is:
Measure Q and U over 3% of the sky at frequencies of
30, 40, 85, 95, 145, 155, 220, and 270 GHz,
with Q/U-map noise levels of
3.5, 4.5, 0.88, 0.78, 1.2, 1.3, 3.5, 6.0 𝜇K-arcmin,
map noise 1/ell knees of ≤65 at 145 GHz and above and ≤60 at
the lower frequencies, and angular resolutions of
72.8, 72.8, 25.5, 25.5, 22.7, 22.7, 13.0 and 13.0 arcmin.
Measure the same 3% of the sky at frequencies of
20, 30, 40, 95, 145, 220, and 270 GHz,
with angular resolutions of
11.0, 7.3, 5.5, 2.3, 1.5, 1.0, and 0.8 arcmin
and Q/U map noise levels of
8.4, 5.0, 4.5. 0.68, 0.96, 5.7 and 9.8 𝜇K-arcmin.
Measure I, Q, and U over a sufficient fraction of the sky at sufficiently low
noise and with sufficient frequencies to control foregrounds. One set of
measurement specifications that satisfies this is:
Measure 70% of the sky at frequencies of 30, 40, 95, 145, 220, and 270
GHz,
with angular resolution of
1.4 arcmin at 145 GHz and scaled linearly with wavelength to
other bands,
Q/U map white noise levels of
30.8, 17.6, 2.9, 2.8, 9.8, and 23.6 𝜇K-arcmin,
and I white noise levels of 21.8, 12.4, 2.0, 2.0, 6.9 and 16.7 𝜇K-arcmin

INSTRUMENT REQUIREMENTS
One instrument configuration that satisfies the measurement requirements is:
14 0.55-meter-aperture cameras with detectors distributed as
Frequency:
30, 40, 85, 95, 145, 155 GHz
# detectors:
576, 576, 21.4k, 21.4k, 21.4k, 21.4k
plus 4 0.45-meter-aperature cameras with detectors distributed as
Frequency
220, 270 GHz
# detectors:
33.7k, 33.7k
plus higher-resolution channels at 20, 30, and 40 GHz from the delensing survey below.
For delensing, one 6-meter-aperture telescope with detectors distributed as
Frequency
20, 30, 40, 95, 145, 220, 270 GHz
# detectors:
160, 640, 640, 41.5k, 41.5k, 14.9k, 14.9k

One instrument configuration that satisfies the measurement requirements is:
Two six-meter-aperture telescopes with detectors distributed as
Frequency:
30, 40, 95, 145, 220, 270 GHz
# detectors: 640, 640, 41.5k, 41.5k, 50k, 18.7k, 18.7k

EXPERIMENT REQUIREMENTS
Four years of observing (wallclock time).
We do not explicitly specify here
many characteristics of the
instruments and experiment, such
as bandwidth, optical efficiency,
bad pixels, weather losses, Sun
constraints, and so on. These are,
however, built into the
simulations that calculate the
measurements that will be
achieved (column D) by the
hardware in column E, based on
actual in-the-field performance
achieved by BICEP/Keck and SPT at
Pole, and ACT in the Atacama,
over years of observing.
Seven years of observing (wallclock time).
See additional information in the
cell above.

[Replace with characterization of
how well we expect to measure the
gravitational lensing potential power
spectrum.]
CMB-S4 shall be designed to maximize
the galaxy cluster, neutrino, and other
astrophysical and cosmological science
return without increasing the project cost
or compromising the performance for r
and Neff. (Do we remove this?)
For galaxy cluster searches, achieve a
lower mass limit that is below 10^14 M ⊙
at z ≥ 2 over at least XXX square degrees
Detect mm-wave transient events,
measure gamma-ray burst afterglow light
curves, provide photometric (with
polarization) light curves for all mm-wave
emitting sources in the CMB-S4 survey
area.
Measure 𝝈8(z) in contiguous bins

Measure I, Q, and U at 95 and 150 GHz at 1.4' resolution over 1000s of square degrees
on a daily cadence. The survey should reach sensitivities below 10 mJy in less than 1
week of observing.

2-day observing cadence or
better over as much sky as
possible.

Achieved with the same measurements as required for Neff, above.

spanning redshifts 0<z<3 to a precision
of 1–2% per bin, with at least 2 bins at
z>1.5.
Using the kSZ and tSZ effects,
Achieved with the same measurements as required for Neff, above.
measure the baryon density and
thermal energy profiles of halos of
mass M > 10^12.5 Msun/h to 1% at
z<1 and 2% at redshift 1 < z < 3 on
scales down to rmin = 300 kpc/h (kmax
= 10 h/Mpc in Fourier space). [Check if
true and if we want this.]
Precisely(??) measure the
Achieved with the same measurements as required for Neff, above.
gravitational lensing potential power
spectrum and the angular temperature
and polarization power spectra . [What
to do here?]

Achieved with the same measurements as required for GRBs, above.

Characterize objects that are moving
on the sky

Achieved with the same measurements as required for GRBs, above.

Intensity and polarization maps of our

Achieved with the same measurements as required for Neff, above.
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Open Issues
https://docs.google.com/spreadsheets/d/1W7NWxVfKel13Vs 3 rq0rwxlOwhzItrL/edit#gid=365126799

•

Science requirement #2, ∆Neff ≤ 0.06, may not require all six frequencies listed in the
Measurement Requirement column.
–

But cluster science, which does not now drive any additional measurement requirements,
almost certainly does

This must be resolved
•

The “transient” science requirement places a new requirement on the experiment having
to do with observing cadence. This needs to be better specified (and maybe validated?).

•

Other cells shaded rose need work for one reason or another

•

No “science margins” are now included
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Baseline Design Simulations
Andrea Zonca, Reijo Keskitalo
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