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General Remarks

For CMB studies, everything is a foreground

Emphasis of this meeting on astrophysical
foregrounds (fixed and unchangeable), 
but I will be more inclusive

From the beginning, foregrounds have concerned CMB observers, but 
which foregrounds dominated has changed
My presentation will be an informal history of which foregrounds 
worried us and what we did about them



1964: Penzias and Wilson

They found “an excess antenna temperature of 3.5 K”
Much of their one-page paper was showing that the “excess” was not
foregrounds
“Foregrounds” included any source of emission in front of their detector
They considered:                        
-- man-made radio emission
-- emission from the Galaxy
-- atmospheric emission
-- pick-up from the ground
-- emission from the walls of 

their horn antenna
-- “deposits” – by pigeons – in the horn (hence the temporary unit of “milli-dungs”)



1965: Roll and Wilkinson

Design eliminated some foregrounds
Measured atmosphere

Result T = 3.0 ± 0.5 K
-- and this astonishing graph

Note that a key foreground
(Galaxy) was explicitly included, and 
shown to be negligible



1967-8 The Next Step – Co-ordinated,
Multi-Frequency Measurements

Explicit attention to foregrounds, especially atmosphere
-- high, dry site
-- improved measures of remaining atmospheric emission
-- better control of emission from the ground
-- used same horn for sky and cold load measurements
-- apparatus kept fixed
-- attention to instrumental “foregrounds” (cold load walls; reflector)

These three papers:
-- no mention of astrophysical foregrounds
-- established black-body spectrum (not !2)

Figure 42: Photo of one of three radiometers used on White Mountain, California,
to measure the spectrum of the CMBR (Stokes et al., 1967). The horn antenna is
coupled to a large-diameter cold load.

setup.
It is worth mentioning the care we took to avoid systematic error. Dave

Wilkinson, as all who knew him will attest, was extraordinarily careful about
finding and eliminating, or at least modeling, sources of systematic error.
We took great precautions, for instance, to control emission from the ground
leaking into the side lobes of the antennas we used. We were conscious
that emission from the walls of the calibration cold load could present a
problem, and for that reason we expanded the beam and used a large “over-
moded” cold load immersed in liquid helium. I have already mentioned
quasi-simultaneous measurements of the atmospheric emission. And we also
took account of the possible emissivity of the reflecting surface.

The result of this work was to produce temperature measurements at
three wavelengths with substantially smaller error bars than previous work-
ers had been able to obtain. The error bars were small enough to show
rather convincingly that the spectrum of the CMBR does indeed begin to
turn over at high frequencies, as expected for a 3 K blackbody (Fig 45). And
the final temperature we derived from combining observations at the three
frequencies gave a value T = 2.68+0.09

�0.14 K, in remarkably good agreement
with the COBE satellite results that came along nearly two decades later
(Stokes, Partridge and Wilkinson 1967; Wilkinson, 1967).
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Figure 43: The three radiometers used by Bob Stokes, Dave Wilkinson and me to
measure the CMBR temperature at wavelengths ⌥ = 3.2, 1.6 and 0.96 cm.

The spectral observations were carried out at the highest place in the
United States with electrical power, the White Mountain Research Station
maintained by the University of California. Not surprisingly, other groups
had figured out that this was an excellent place from which to observe the
microwave background. When we arrived, we discovered Bernie Burke and
his colleagues busy assembling apparatus that looked an awful lot like that
shown in Figure 43 (Ewing, Burke and Staelin 1967). Our group and his
agreed to work entirely independently, so as not to influence one another’s
results. Yet another group, Welch, Keachie, Thornton and Wrixon (1967),
also recognized the value of high altitude observations. However, they en-

Figure 44: A schematic of the radiometers in Figure 43.
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14 The Cosmic Microwave Background: From Discovery to Precision Cosmology

Fig. 8.3: Spectral measure-
ments by the Princeton group
from 1967-68, showing the de-
parture from a pure ��2 law,
and agreement with a black-
body spectrum. (From Boyn-
ton et al. 1968)

expected.” The next and crucial step was to extend the observations to still shorter
wavelengths. That was undertaken by Boynton, Stokes and Wilkinson 1968), using
the same techniques, but a radiometer operating at 0.33 cm. The team made their
measurements in winter, at a site at 11, 330 ft altitude in Colorado, thus freezing out
some of the atmospheric water vapor. Their results excluded the greybody hypothesis
at much higher significance (> 4�). Confirming evidence was soon supplied, again at
0.33 cm, by Millea et al. (1971). By 1971, the greybody alternative had been ruled out
conclusively.

The Princeton campaign also refined the value of the present temperature of the
cosmic background to 2.7± 0.2 K3. By 1968, the temperature of the remnants of the
Hot Big Bang, T , had been determined to better than 10% accuracy, making it then
the most precisely determined of the crucial parameters of cosmology. Furthermore,
this result proved to be consistent with all subsequent observations and the currently
accepted value of 2.7255±0.0006 K (Fixsen, 2009). Those interested in further details
on these early spectral measurements can consult 3K ; Chapters 2 and 4) for a technical
analysis, and FBB for the recollections of those making the observations.

8.4.2 Testing Isotropy

We turn now to the second test: isotropy. While there is no requirement that the Uni-
verse on a large scale be either homogeneous or isotropic, it was generally assumed to
be both. Homogeneity, and, one can argue, isotropy, are enshrined in the Cosmological
Principle: the notion that, on a large scale, the Universe is the same everywhere and
to all observers. (The Cosmological Principle, and extensions of it, are treated in more
depth in chapter 5.) If the Universe is isotropic and homogeneous, so too is the relic
heat of the Big Bang. Certainly, if the 3 K microwave background is truly cosmic in

3
Note that the published tables in Stokes et al. 1967 and Wilkinson 1967 are jumbled. The values

of T in Fig. 8.3 (from Boynton et al. 1968) are correct.



1990 – COBE FIRAS
Exquisite attention to systematics

Null signal using adjustable cold load

Main limit on accuracy: fidelity of cold load

Astrophysical foregrounds not even mentioned

in first paper (Mather et al., 1990)

But by 2009 (Fixsen et al.), zodi, proxies

for Galactic emission, and line emission 

all considered (7 templates fitted)

-- yet  a Galactic mask was still necessary at ~2σ
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Figure 2. Crosses are the CMB temperature estimation for a given fraction
of the brightest part of the sky excluded. The lines are the nominal +1σ and
−1σ limits. The error bar is the adopted value and uncertainty inflated for the
excess χ2.

with respect to the CMB (and some Sachs–Wolfe effect),
the spectrum appears not as an absolute spectrum but as a
differential spectrum generated by the Doppler shift.

According to the special theory of relativity the spectrum
observed in a reference frame moving with respect to the source
of a blackbody spectrum, B(T , ν), at temperature T, is shifted
such that

S ′(ν) = B(T

√
1 + v

1 − v
, ν), (1)

where ν is the frequency, and v is the velocity toward the source
divided by the speed of light.

Thus ignoring negligible second-order terms and higher, we
have

S(ν, p) = B(T , ν) + v(p)T
∂B(T , ν)

∂T
|T =T0 , (2)

where the spectrum is now a function of position, P, on the
sky. Note that the first term is absorbed in the first template.
The remaining term vT ∂B/∂T is the term related to the
second template. The velocity, v, is already included in the
template; thus, the term to fit is T ∂B/∂T , which must match
the spectrum. Although strictly speaking this is nonlinear, a
spectrum T ∂B/∂T for a T near the CMB temperature (say
2.726 K) can be subtracted from the spectrum and, the residual
can then be fit to δT (∂B/∂T + T ∂2B/∂T 2) for the small δT
correction. Since both the process of averaging the velocity
maps and the spectral fitting are linear processes, they can be
done in either order. So the average spectrum is fit with a result
of T = 2.7260.

3.1. FIRAS Uncertainty

The uncertainty of the temperature is dominated by the
noise in the FIRAS measurements. Propagating the uncertainties
shown in Figure 3 results in an uncertainty estimate of 0.74 mK,
but this does not include the correlations amongst the different
frequencies. Including the correlations and the PEP error term,
which is important in this context (Fixsen et al. 1994), results
in an uncertainty estimate of 1.09 mK. The χ2 is 98.7 for 69
degrees of freedom (DOF). Since the χ2 is higher than expected
the uncertainty is inflated to produce a χ2 per DOF of unity with
a resulting uncertainty of 1.3 mK in the CMB temperature due
to the uncertainties of the FIRAS measurements.

Figure 3. Mean spectrum associated with the velocity of the solar system with
respect to the CMB. The line is the a priori prediction based on the WMAP
velocity and the previous FIRAS calibration. The uncertainties are the noise
from the FIRAS measurements. The error bars are slightly misleading, because
they do not show the correlations, but the correlated errors are properly treated
in the fit.

In deriving the FIRAS dipole (Fixsen et al. 1996) ampli-
tude the only term is the δT ∂B/∂T . Here the second term
δT T ∂2B/∂T 2 is both larger and at a mean higher frequency.
This allows a more precise determination of the temperature.
Also the velocity map allows more control of the systematic
effects from the cut. Some of the variations due to the cuts was
due to higher order (l > 1) variation in the CMB. Here the vari-
ation in the CMB is included in the velocity maps, so neither of
these terms add to the uncertainty.

3.2. WMAP Uncertainty

The uncertainty from the WMAP measurements also needs
to be included. The RMS variation in the gains (∆v/v) of
the 50 independent WMAP maps is 0.00096. Nominally, the
uncertainty of the mean of such a set would be 0.00014.
Figure 7 of Hinshaw et al. (2009) indicates a .001 uncertainty for
each of 40 individually calibrated data channels which results
in a similar uncertainty estimate for the mean.

But at the level of 0.00014, the WMAP uncertainties are
insignificant. Even if the uncertainty were 0.0005, the WMAP
data would not then be a significant source of uncertainty. If
the mean error were 0.0016, the WMAP uncertainty would
equal the uncertainty from the FIRAS uncertainty, and the final
uncertainty would be increased by a factor of

√
2. Each WMAP

channel and year is processed independently. Unless there is
a serious unexplained error in the WMAP data that correlate
both channels and years, the uncertainty of the WMAP data is
insignificant relative to the uncertainty in the FIRAS data.

The fitted temperatures for each WMAP channel and year
are shown in Table 1. The average is 2.7260 K with a standard
deviation of 0.6 mK. The implied uncertainty of the mean is
0.09 mK. The standard deviation is smaller than expected
because a significant part of the variation of the WMAP velocity
maps is concentrated in the Galactic plane. The 0.09 mK does
not include the common uncertainty of the WMAP velocity maps
or the FIRAS errors.

Combining the uncertainties of the FIRAS and WMAP
in quadrature results in an uncertainty of 1.3 mK. This



2011 -- The Puzzle of Arcade
Measured To at 3 & 10 GHz (Fixsen et al. 2011; Seiffert et al. 2011)
-- made “expected” corrections for Galactic synchrotron & free-free, 
extragalactic sources….
-- still unexplained ? 
-- see Dowell & Taylor 2018

Need to sort out before sensitive
spectral measurements (e.g. of y)

See Paddy Leahy’s earlier talk;
repeat need for careful zero-
level measurements
-- synchr. is smooth but so are y & mu

The Astrophysical Journal, 734:6 (8pp), 2011 June 10 Seiffert et al.

Table 1
Measurements of Radio Emission

Frequency (GHz) Extragalactica Errorb (K) Residualc Errorb

Temperature (K) Emission (K)

0.022 20355 5181 13268 5229
0.045 3864 502 2843 512
0.408 13.42 3.52 10.80 3.53
1.42 3.271 0.526 3.181 0.526
3.20 2.787 0.010 2.777 0.010
3.41 2.770 0.008 2.761 0.008
7.98 2.761 0.013 2.761 0.013
8.33 2.743 0.015 2.742 0.015
9.72 2.731 0.005 2.730 0.005
10.49 2.738 0.006 2.738 0.006
29.5 2.529 0.155 2.529 0.155
31 2.573 0.076 2.573 0.076
90 2.706 0.019 2.706 0.019
250 2.725 0.001 2.725 0.001

Notes.
a This is our estimate of the monopole temperature with the Milky Way Galactic
contribution removed as by Kogut et al. (2011). Data are from Roger et al. (1999;
0.022 GHz), Maeda et al. (1999; 0.045 GHz), Haslam et al. (1981; 0.408 GHz),
Reich & Reich (1986; 1.42 GHz), and Fixsen et al. (2011; 3.20 to 90 GHz).
The FIRAS data set has been condensed to a single data point at 250 GHz
(see the text). All temperature values in this table are quoted as thermodynamic
temperatures.
b There is a correlation among the errors due to the nature of the Galaxy model.
Errors reported in this table represent the square root of diagonal elements of
the covariance matrix (Table 5 in Fixsen et al. 2011) only. The spectral fits
described in the text use the full covariance.
c Residual isotropic emission after subtraction of an estimate of the contribution
of extragalactic discrete radio sources from Gervasi et al. (2008a) model “Fit1.”
We have adopted a 10% fractional error for this contribution.

CMB. Section 5 presents discussion of the results, including
potential explanations for the source of the excess emission.

2. RESULTS FROM ARCADE 2 AND OTHER SURVEYS

For our analysis, we use the data from the 2006 flight of
the ARCADE 2 instrument, from FIRAS, and from lower
frequency ground-based surveys. FIRAS measures a high-
precision difference between the sky and a calibrated reference
target. The result is a set of values with tiny relative errors,
and a larger, 1 mK calibration error common to all the data
points. Table 1 summarizes the data used in our analysis, which
includes ARCADE 2, the 22 MHz survey of Roger et al. (1999),
the 45 MHz survey of Maeda et al. (1999), the 408 MHz survey
of Haslam et al. (1981), and the 1.42 GHz survey of Reich &
Reich (1986). We remove a model of Galactic emission from
these data sets as described in Kogut et al. (2011). The data
in Table 1 are the resulting estimate of the residual, isotropic
emission. The ARCADE 2 data in the 3–10 GHz range are
shown in Figure 1; they lie significantly above the 2.725 K
blackbody CMB determined by FIRAS at higher frequencies.

In our analysis, we have excluded the 100–200 MHz results
of Rogers & Bowman (2008). They find a minimum diffuse
background of 237 K at 150 MHz, but their work does not
provide an independent estimate of the Galactic contribution.
We can, however, check for consistency by using the Galactic
model described by Kogut et al. (2011) extrapolated to 150 MHz,
where we find an approximately 60 K Galactic contribution to
the diffuse background in the region of high Galactic latitude. If
we subtract this Galactic contribution from the 150 MHz data,

Figure 1. Detection of radio emission by ARCADE 2 beyond the contribution
of discrete radio sources, modeled galactic foregrounds, and the expectation of
2.725 K blackbody radiation. Data points are the ARCADE 2 results from Fixsen
et al. (2011) and have been corrected for Milky Way Galactic emission described
by Kogut et al. (2011). The dashed curve is a constant 2.725 K blackbody,
consistent with FIRAS measurements of the CMB. The dot-dashed curve is an
estimate of the discrete radio source contribution from Gervasi et al. (2008a)
model “Fit1” added to the 2.725 blackbody. The data points lie significantly
above this dot-dashed curve, indicating our detection of excess emission. The
solid curve is the best fit of the combined data of Table 1 and FIRAS to a power
law plus a constant CMB temperature.

the resulting amplitude is consistent with the model fit presented
in Section 4.

Our results are also consistent with the measurement reported
by Staggs et al. (1996b), provided we adopt the Galactic
modeling described by Kogut et al. (2011), rather than their
original extrapolation of 408 MHz data. The difference between
these two models is essentially a question of where to draw the
line for Galactic versus extragalactic emission. Staggs et al.
(1996b) model Galactic emission by taking the 408 MHz
survey, convolving it with their beam pattern, subtracting
2.74 K for the CMB, and scaling the remaining signal with
a spectral index −2.8. They explicitly note that this lumps
together any Galactic and extragalactic signals assuming that
the extragalactic radio background has a similar spectral index.
Therefore, their “galactic” model is equivalent to the sum of
our Galactic model plus the isotropic residual. By contrast, we
explicitly separate the 408 MHz survey data (along with the
other surveys and the ARCADE data) into separate Galactic
and extragalactic pieces.

We have not included a number of other measurements, in-
cluding the rocket-borne measurements of Gush et al. (1990)
and the ground-based and balloon-borne measurements cited
earlier. The size of the uncertainties quoted in these measure-
ments results in no significant contribution to the constraints on
our model fits.

3. CONTRIBUTION OF SOURCES

The set of measurements in Table 1 does not have sufficient
angular resolution to reject discrete radio sources. Instead,
we must estimate the contribution of these sources through
one of the two ways: direct radio surveys designed to detect
such sources or measurements of the far-IR background which
can trace the integrated emission of such sources through the
correlation of the far-IR and radio emission. We examine these
two methods in turn.
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Isotropy Measurements

Many local and instrumental sources of foregrounds cancel out since 
measurements are differential

But need for 103 or 104 increase in sensitivity requires attention to both
-- fluctuations in local foregrounds (e.g., clouds)
-- remaining instrumental systematics

And astrophysical foregrounds were soon a central concern



Canceling Local Foregrounds, by Design

Differential measurements
Same zenith angle 
Attention to diurnal effects
Calibration (“Is it even on?”)
And of course, ground screens, etc.

The Princeton “flapper” --
reflector, with NCP as 
periodic reference (P = 5 min; not
a wise choice) Figure 39: Schematic of the “isotropometer,” showing the moving reflector used

to zero the instrument.

and 39).
The kilohertz signal was phase-sensitively detected, and plotted out using

a pen and ink chart recorder. (Mentioning a pen and ink chart recorder to
scientists today must be the functional equivalent of telling my children that
I walked 3 miles each day to catch the school bus. Both are true.) Dave and
I and a handful of undergraduate students working with us then read the
output of the chart recorder by hand to determine the di⌅erences between
the declination ⌅ = �8⌅ circle and our constant calibration point, the north
celestial pole. We ran this experiment for substantially more than a year to
help average out diurnal e⌅ects. Some of those results appear in Figure 40.

It soon became clear that atmospheric noise was completely dominating
the signal. By late 1966 we were planning improvements. It would have
helped, for instance, if we had been able to switch the main beam more
rapidly, but we were aware that the ferrite devices used for switching are
themselves a source of noise and potential systematic error, a problem later
encountered in another anisotropy experiment by Dave Wilkinson and Paul
Henry (Henry 1971). So we took another approach to doing a better ex-
periment, trying to find a place where the atmosphere is more benign. We
probably should have leapt immediately to the conclusion that we needed
to get above the atmosphere altogether, as Dave later did in his pioneering
balloon experiments, and as George Smoot and his colleagues later did with
their U-2 experiments (Smoot, Gorenstein and Muller 1977). But we were a
frugal pair, so we decided instead to find the place in the United States with
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Results of the Isotropometer, 1967

Unconvincing detection of Galactic emission; no clear evidence of dipole
Atmospheric noise dominated



An Automated Isotropometer, 1967
Dominant foreground: atmosphere

Hence go to dry and sunny spot 
(not New Jersey)

Automated device; left unattended

In a secure (very secure) location



Canceling Local Foregrounds, by Better Design

Conklin and Bracewell 1967-9
Differential measurements       
Same zenith angle
Paired horn antennas
No moving parts

Design later adopted by Smoot 
for U2 and COBE projects and
symmetrical design for WMAP

The first CMB experiment dominated by astrophysical foregrounds

Figure 48: Historic horns through which flowed the radiant energy (estimated at
roughly half an erg during the integration time of 425 hours) that revealed the
Sun’s motion through the cosmos.

kind of system that was fixed with respect to the ground and let the sky
sweep through the beam. The dipole anisotropy would then appear in the
antenna temperature as a sine wave with an amplitude proportional to the
velocity and a period of one sidereal day.

The apex of the Earth’s motion (if any) with respect to the CMBR
was completely unknown. But unless it were closely aligned with the north
celestial pole, there would be an equatorial component which could be mea-
sured most easily. As with the inhomogeneity experiment, a radiometer
would need to be switching between two sources with antenna tempera-
tures as nearly equal as we could devise, and yet be sensitive to the dipole
anisotropy. Because of the extremely low amplitude, it was desirable that
no integration time be spent on reference loads or reference patches of sky
such as the north celestial pole.

We ended up with an antenna system consisting of two identical horns
(Fig. 48) with 14⌅ beamwidths directed east and west respectively at a zenith
angle of 30⌅ and enclosed in a truncated conical screen to intercept radia-
tion from the ground. To limit reception of unwanted thermal radiation from
the surroundings these horns incorporated, at their rims, the short-circuited
quarter-wave transmission line chokes familiar from microwave radar prac-
tice.

As the sky passed overhead any temperature di⌅erence between the two

271



Conklin’s Results, and Their Reception

From Conklin’s thesis:

Impact of estimated 
Galactic emission very
clear (dominates signal)

May have raised doubts
about an actual detection
of the dipole

Difference = CMB dipole



Rising above the Atmosphere: Balloons
Clearly dominant foreground – atmospheric emission
-- so observe above (most of) atmosphere and all water vapor

1971 – early attempt by Dave Wilkinson and 
Paul Henry
-- an astronomical foreground dominates



Rising above the Atmosphere: Balloons

1976 – Francesco Melchiorri, Paul 
Boynton, BP …. try again
-- cheap beer dominates



Back to Astrophysical Foregrounds….



Multi-Frequency – But Which Frequencies?
Debate initiated by Neil Brandt & Charles Lawrence, 1994
1.  Emphasize frequency range of 
minimum foregrounds?
-- then synchrotron, free-free and dust 
emission residuals must all be dealt with
2. Work in a regime where only a
single component dominates
-- and pay price of higher foreground

WMAP chose latter, possibly 
underestimating dust



Polarization
Another leap of ~102 in sensitivity required

New instrumental biases and “foregrounds”

Transition from instrumental to astrophysical foregrounds parallels the 
case for temperature anisotropies



Polarization
For TE & EE, can be managed:
(P/T)sources < (P/T)CMB

Problem is spatial variation of
polarization and the unexpectedly
high polarization fraction for dust 
emission

For BB, astrophysical foregrounds 
completely dominate



WMAP -- Galactic Emission Dominates 
Example: WMAP 3 year papers
-- on temperature maps, ½ of paper is devoted to foregrounds and 
component separation
-- for polarization maps, ~1/3
-- and a separate paper by the 7 year release

Multi-frequency observations to control foregrounds

Masks and template fitting introduced for first time (I think)

The case of tau: first value 0.17, changed to 0.088 (better analysis & 
better modeling of foregrounds; tests for foreground residual; 
foreground model (esp. dust) still rough



The BICEP/Keck Results and “Losing the Nobel Prize”

2014 BICEP2/Keck claim of 
primordial B modes r = 0.2
Highly sensitive – but single frequency,
hence little control of foregrounds

Apparent B-mode signal in data



The BICEP/Keck Results and “Losing the Nobel Prize”
Relied on preliminary Planck
observations for estimate of 
Galactic dust emission
-- not good enough
In fact, dust emission largely 
explains the result

Later 2015 joint analysis: r < 0.13

Even this has problems: frequency-
to frequency correlation 



Today’s Problems
Newly relevant astrophysical foregrounds
-- AME
-- SZ signals
-- lensing
-- variability
New foregrounds complicate choice of frequencies

New instrumental biases
-- and for ground-based projects, ground pick-up, atmosphere….are still 
problems

Even worse, interaction between systematics and foregrounds (e.g., 
bandpass mismatch)



Planning for Future Observations
The value of ground-based surveys (for synch., AME, free-free)
-- e.g C-BASS, S-PASS, QUIJOTE….
-- monopole (zero-point) measurements crucial
-- so is accurate polarization

Multi-frequency measurements required for any isotropy survey
-- e.g. LiteBIRD started with 6, now 15 (I think) 
-- if number of bands is limited, must decide to work in sweet spot (foreground minimum) or not

Attention to interaction between instrumental systematics and foregrounds: e.g.
-- measure band passes, polarization angles and efficiencies with 

precision before launch or deployment
-- devise and plan tests of these effects






