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Herschel (Spire)

• 100 sq deg with 
full overlap with 
SPT deep field 
(23h30,-55d)

• 250,350,500 um



Clustering of Galaxies:  
Projected sky maps of large scale structure have ~1-10% fluctuations

• Radio and IR/submm 
sources presumably trace 
the large scale matter 
fluctuations  

• Back of the envelope: 
– Power spectrum 

contribution: mean T2 x 
projected clustering 
amplitude 

– Arcminute scales: few 
Mpc has clustering ~1 in 
3D, divide by number of  
independent cells along 
line of sight => 1e-3



CMB Angular Power Spectrum

Well-fit by just 5+1 parameters:
 Dark energy, Dark matter, Baryon density, Initial amplitude, Power-law index+optical depth



Angular Power Spectra at 
mm-wavelengths

• large angles 
dominated by 
CMB 

• small scales 
dominated by 
emission from 
galaxies 
– combination of shot 

noise in galaxy number 
& intrinsic clustering 
from large scale 
structure
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Fig. 2.— The SPT and Planck bandpowers. The Planck and S13 bandpowers (open squares and circles) are primary CMB only, and agree
well on all angular scales. The grey line is the lensed �CDM CMB theory spectrum. We also show bandpowers at 95, 150, and 220GHz
(filled squares, circles and diamonds) measured with the SPT in this work. On large scales, the primary CMB anisotropy is dominant at
all frequencies. On smaller scales, contributions from the CIB, radio sources, and secondary CMB anisotropies (tSZ and kSZ) dominate
the observed power. The observed di⇥erences between frequency bands are due to these other sources of power. The CIB dominates the
power spectrum at small scales at 150 and 220GHz; radio galaxies are more important at 95 GHz.

two reasons. At the small angular scales where the error
bars are comparable or better than Planck, they would
match the bandpowers used in this work. At lower ⇧s,
Planck completely dominates regardless of whether S12
is used. Thus, including the S12 band powers has no ef-
fect on the derived secondary parameters. The H0 mea-
surement used here is from the Hubble Space Telescope
(HST, Riess et al. 2011). We include measurements of
the BAO feature from SDSS (Anderson et al. 2012; Pad-
manabhan et al. 2012) and 6dF data (Beutler et al. 2011).

5.1. Cosmic microwave background anisotropy
We predict the primary CMB temperature anisotropy

within the standard, six-parameter, spatially flat, lensed
�CDM cosmological model. For faster calculations,
we use PICO4 (Fendt & Wandelt 2007b,a) instead of
CAMB (Lewis et al. 2000) to calculate the primary CMB
anisotropy.

5.2. Thermal Sunyaev-Zel’dovich anisotropy
We consider three models for the tSZ power spectrum.

We adopt the baseline model from Shaw et al. (2010)
as the baseline model in this work. Models by Sehgal
et al. (2010) and Bhattacharya et al. (2012) are used as

4 https://sites.google.com/a/ucdavis.edu/pico/

alternatives. The three models are similar in their ap-
proach (combining N-body simulation results with semi-
analytical models for gas physics) and predict di⇤erent
amplitudes, but essentially the same angular shape, for
the tSZ power spectrum. We briefly describe each model
below.

The Sehgal et al. (2010) model (which we will refer
to hereafter as the Sehgal model) is the earliest of the
three models, and the only one produced before the L10
tSZ power results were published. The Sehgal model
combines the semi-analytic model for the intra-cluster
medium (ICM) of Bode et al. (2009) with a cosmologi-
cal N-body simulation to produce simulated tSZ and kSZ
maps. The principal di⇤erence between this model and
the later Shaw and Bhattacharya models is the lack of
non-thermal pressure support from e.g., merger-induced
shocks. Non-thermal pressure support reduces the tSZ
signal in the outskirts of clusters. For assumed cosmo-
logical parameters of (⇥b, ⇥m, ⇥�, h, ns, ⇥8) = (0.044,
0.264, 0.736, 0.71, 0.96, 0.80), the Sehgal model predicts
DtSZ

3000 = 9.5 µK2 at 143 GHz.
In response to the results of L10, which showed very

low tSZ power compared to the predictions of the Se-
hgal model, Shaw et al. (2010) investigated the impact
of cluster astrophysics on the tSZ power spectrum, us-
ing a modified version of the Bode et al. (2009) model for

George et al 2015



Galaxy 
clustering at 
mm/submm 
wavelengths

• cleanly measured 
at many 
frequencies 

• consistent with 
~10% rms 
fluctuations on 
scales of a few 
arcminutes

Addison, Dunkley & Bond  2013



HerMES power spectra

Combined 5 fields 
over 70 deg2 

Viero & Wang et al. (2012b)   
arXiv: 1208.5049
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Planck CIB 
Measurements

Planck Collaboration: CIB anisotropies with Planck

Figure 20. Angular power spectrum of CIB anisotropies at 217, 353, 545, and 857 GHz. Each panel corresponds to one frequency. For each
frequency, the blue points correspond to the angular auto power-spectra, and the associated error bars include statistical and photometric calibration
systematic contributions. The best-fit model per frequency (including shot noise) corresponds to the solid orange line. The dashed (dot-dashed)
orange lines correspond to the 2h (1h) contributions. The green triple dot-dashed curve corresponds to the Poisson noise level, fixed to its expected
value. To obtain these fits, three parameters per frequency were varied: log10 Mmin, �sat and je� . The fits are obviously qualitatively very good.

Frequency (GHz) log10 Mmin [h�1M⌅] �sat je� [Jy/Mpc/sr] Reduced ⇤2 (⇤2/do f )
217 11.95 ± 2.10 1.30 ± 1.16 7.51 ±0.75 ⇥ 101 2.68 (16.1/6)
353 12.49 ± 0.42 1.39 ± 0.42 2.00 ±0.29 ⇥ 102 2.42 (14.5/6)
545 12.35 ± 1.01 1.17 ± 0.65 3.11 ±3.85 ⇥ 102 0.50 (3.04/6)
857 12.20 ± 0.51 1.02 ± 0.87 3.14 ±17.0 ⇥ 102 0.73 (4.40/6)
217 11.82 ± 1.92 1.17 ± 2.38 N/A 1.14 (7.96/7)
353 12.50 ± 0.09 1.35 ± 0.20 N/A 0.80 (5.64/7)
545 12.35 ± 0.94 1.17 ± 0.45 N/A 0.35 (2.46/7)
857 12.21 ± 1.23 0.96 ± 0.73 N/A 0.60 (4.22/7)

Table 7. Best-fit values for each frequency, as well as the reduced ⇤2. The errors correspond to the 1⇥ Gaussian errors, including statistical and
photometric calibration systematic contributions. Systematic errors introduced by the beam uncertainty (see Sect. 4.2.2) are not included here, but
contribute less than an extra 10% to the error budget. The upper half of the array allows for a freely varying je� per frequency, while in the bottom
half je� is fixed to the extrapolation coming from our model.

6. Conclusion

We presented the first measurement of CIB anisotropies with
Planck, detecting power from 10⌃ to 2⇧. Owing to the excep-
tional quality of the data, and using a complete analysis of the
di�erent steps that lead to the CIB anisotropy power spectra, we

were able to measure the clustering of dusty, star-forming galax-
ies at 217, 353, 545, and 857 GHz with unprecedented precision.

We worked on six independent fields, chosen to have high
angular-resolution Hi data and low foreground contamination.
The CIB maps were cleaned using templates: Hi for Galactic
cirrus; and the Planck 143 GHz maps for CMB. Having Hi data
is necessary to cleanly separate CIB and cirrus fluctuations.

24
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Clustering of Galaxies:  
Projected sky maps of large scale structure have ~1-10% fluctuations

• Radio and IR/submm 
sources presumably trace 
the large scale matter 
fluctuations  
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– Power spectrum 

contribution: mean T2 x 
projected clustering 
amplitude 

– Arcminute scales: few 
Mpc has clustering ~1 in 
3D, divide by number of  
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mm-wavelengths
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dominated by 
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emission from 
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Fig. 2.— The SPT and Planck bandpowers. The Planck and S13 bandpowers (open squares and circles) are primary CMB only, and agree
well on all angular scales. The grey line is the lensed �CDM CMB theory spectrum. We also show bandpowers at 95, 150, and 220GHz
(filled squares, circles and diamonds) measured with the SPT in this work. On large scales, the primary CMB anisotropy is dominant at
all frequencies. On smaller scales, contributions from the CIB, radio sources, and secondary CMB anisotropies (tSZ and kSZ) dominate
the observed power. The observed di⇥erences between frequency bands are due to these other sources of power. The CIB dominates the
power spectrum at small scales at 150 and 220GHz; radio galaxies are more important at 95 GHz.

two reasons. At the small angular scales where the error
bars are comparable or better than Planck, they would
match the bandpowers used in this work. At lower ⇧s,
Planck completely dominates regardless of whether S12
is used. Thus, including the S12 band powers has no ef-
fect on the derived secondary parameters. The H0 mea-
surement used here is from the Hubble Space Telescope
(HST, Riess et al. 2011). We include measurements of
the BAO feature from SDSS (Anderson et al. 2012; Pad-
manabhan et al. 2012) and 6dF data (Beutler et al. 2011).

5.1. Cosmic microwave background anisotropy
We predict the primary CMB temperature anisotropy

within the standard, six-parameter, spatially flat, lensed
�CDM cosmological model. For faster calculations,
we use PICO4 (Fendt & Wandelt 2007b,a) instead of
CAMB (Lewis et al. 2000) to calculate the primary CMB
anisotropy.

5.2. Thermal Sunyaev-Zel’dovich anisotropy
We consider three models for the tSZ power spectrum.

We adopt the baseline model from Shaw et al. (2010)
as the baseline model in this work. Models by Sehgal
et al. (2010) and Bhattacharya et al. (2012) are used as
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alternatives. The three models are similar in their ap-
proach (combining N-body simulation results with semi-
analytical models for gas physics) and predict di⇤erent
amplitudes, but essentially the same angular shape, for
the tSZ power spectrum. We briefly describe each model
below.

The Sehgal et al. (2010) model (which we will refer
to hereafter as the Sehgal model) is the earliest of the
three models, and the only one produced before the L10
tSZ power results were published. The Sehgal model
combines the semi-analytic model for the intra-cluster
medium (ICM) of Bode et al. (2009) with a cosmologi-
cal N-body simulation to produce simulated tSZ and kSZ
maps. The principal di⇤erence between this model and
the later Shaw and Bhattacharya models is the lack of
non-thermal pressure support from e.g., merger-induced
shocks. Non-thermal pressure support reduces the tSZ
signal in the outskirts of clusters. For assumed cosmo-
logical parameters of (⇥b, ⇥m, ⇥�, h, ns, ⇥8) = (0.044,
0.264, 0.736, 0.71, 0.96, 0.80), the Sehgal model predicts
DtSZ

3000 = 9.5 µK2 at 143 GHz.
In response to the results of L10, which showed very

low tSZ power compared to the predictions of the Se-
hgal model, Shaw et al. (2010) investigated the impact
of cluster astrophysics on the tSZ power spectrum, us-
ing a modified version of the Bode et al. (2009) model for
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CMB 20 years ago….

• possibly a 
peak, upper 
limits on small 
scales 

• typical upper 
limits 
measured in 
10s of uK
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Upper limits ~2000
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Holzapfel et al 2000

μK2

Qflat2=5/12 l(l+1)Cl/2π



Upper limits ~2000
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Holzapfel et al 2000

μK2

Qflat2=5/12 l(l+1)Cl/2π



Excess radio emission at low 
frequencies?

Fixsen et al 2011



Low-frequency CMB/Radio 
Background Upper Limits

16

T-Tcmb              T-Tcmb-Tcounts



• minimal assumption: 
unbiased tracer of 
linear (2-halo) 
fluctuations 

• old searches for 
CMB anisotropy 
found no evidence 
for any fluctuations 
at radio wavelengths 

If there is an excess, it is 
remarkably unclustered
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95% confidence upper limits
Frequency �(00) dT/Tcmb dT/Tarcade dT/Texcess

4.86 GHz 12 8.5� 10�4 0.11 0.13
Fomalont et al 18 1.2� 10�4 0.016 0.019

(1988) 30 8� 10�5 0.011 0.013
60 6� 10�5 0.008 0.009

8.4 GHz 6 1.3� 10�4 0.070 0.082
Partridge et al 10 7.9� 10�5 0.043 0.051

(1997) 18 4.8� 10�5 0.026 0.031
30 3.5� 10�5 0.019 0.023
60 2.0� 10�5 0.011 0.013
80 2.1� 10�5 0.011 0.014

8.7 GHz 120 1.4� 10�5 0.0084 0.0099
Subrahmanyan

et al (2000)

TABLE 1
Upper limits (95% confidence) on the fractional radio
background anisotropy obtained from CMB anisotropy

limits (column 3) using the temperature measured by the
ARCADE-2 experiment (column 4) and corrected for

known source populations (column 5).

Whatever is contributing to the extragalactic radio back-
ground must have rms fluctuations that are more than
an order of magnitude smaller than the sources that con-
tribute to the CIB.

3. EXPECTED CLUSTERING OF THE RADIO
BACKGROUND

Calculating the expected clustering of the CRB is dif-
ficult to do at high precision, since the redshift distribu-
tion of the sources is not well known and it is not known
how radio sources trace dark matter halos. However, it is
possible to roughly estimate the expected amount of clus-
tering for di⇥erent assumptions about the typical masses
and redshifts for the radio sources that could contribute
to the radio background.

We adopt a simple linear bias model (Kaiser 1984),
where it is assumed that fluctuations in the number den-
sity of galaxies are proportional to the fluctuations in the
matter density �n/n = b�⇤/⇤. The constant of propor-
tionality depends on the mass and redshift of the dark
matter halos that host the sources of interest. For rare
objects, one expects b to be substantially greater than 1,
while it is possible for b to be less than 1 for very low
mass objects. However, it is not expected that b � 0.5
for any population that traces dark matter halos (Mo &
White 1996; Seljak & Warren 2004). For simplicity, in
what follows we assume b = 1 at all redshifts for the
sources that make up the radio background.

To calculate the expected CRB fluctuations, we follow
the procedure for calculating CIB fluctuations laid out
in Haiman & Knox (2000). The distribution in redshifts
that contribute to the extragalactic radio background is
not well known. If we write the fraction of the radio
background contributed by a distance d⇧ in comoving
distance as df/d⇧, then the angular power spectrum of
temperature fluctuations as a function of multipole num-
ber ↵ can be obtained using the Limber approximation
(Kaiser 1992) as

C�(↵) =
Z

d⇧
1
⇧2

� df

d⇧

�2
P (

↵

⇧
,⇧) , (3)

where P (k, ⇧) is the matter power spectrum at wavenum-
ber k at comoving distance ⇧. For these calculations we

use the linear power spectrum, ignoring the increased
power expected in the presence of non-linear evolution.
On the scales of interest, non-linearity could increase the
predicted power by large amounts; for this work we are
most interested in lower limits to the predicted power,
given the remarkable apparent smoothness of the radio
sky.

In the absence of a specific model for the radio back-
ground, we investigate the simplest df/d⇧: a top hat
function in comoving distance, where it is assumed that
the cosmic radio background is generated uniformly in
comoving distance between some redshifts zmin and
zmax. Predicted angular power spectra are shown in
Figure 1, along with the limits from Table 1. To con-
vert angle to multipole for the observed upper limits, we
use ↵ ⇥ 2.35/⇥, where ⇥ is the FWHM of the beam in
radians. The observed upper limits are in clear tension
with theoretical expectations for a normal population of
galaxies.

As a cross-check on this simple model, we can use ob-
served clustering. For the CIB, the fractional fluctua-
tions found by Planck at 845 GHz are of order 10-15%
(Planck Collaboration et al. 2011), consistent with a pop-
ulation of galaxies with bias factors around two and/or
a small amount of non-linear evolution. Using resolved
galaxies in the NVSS survey, the fluctuations in radio
galaxy number density on degree scales were found to
be of order 3.5% at l ⇥ 100 (Blake et al. 2004), consis-
tent with the predictions in Figure 1, especially within
the large uncertainties of redshift distributions and un-
known bias factors.

To get extremely low clustering amplitudes, it is re-
quired to have a broad range in redshifts contributing
(to have more averaging of fluctuations along the line of
sight) and/or to have contributions from higher z (where
the matter power spectrum amplitude is lower due to the
growth of structure).

Another way to suppress the small-scale clustering is
to have the sources be intrinsically large, with very little
structure on the arcminute scales probed by the ATCA
and VLA anisotropy searches. To model this, we assume
that each source samples the underlying dark matter
density, but has a spatial profile described by a Gaus-
sian radial profile, which leads to a smoothing of the
matter power spectrum P (k)smooth = P (k) exp(�k2⌅2),
where ⌅ = FWHMsmooth/2.35. For the CRB sources to
be smooth enough on small scales to have rms fluctua-
tions smaller than the ATCA limits requires the sources
to be larger than ⇥ 2h�1Mpc, as shown by the dotted
lines in Figure 1.

Shocks from the formation of large scale structure have
been suggested as a source of fluctuations in the radio
background (Waxman & Loeb 2000), and would be ex-
pected to be spatially extended. However, it has been
found that the fractional fluctuations expected on de-
gree scales are of order unity (Waxman & Loeb 2000),
more than 10 times higher than the degree scale fluc-
tuations in the models discussed above. To su⇧ciently
suppress power on arcminute scales would therefore re-
quire sources even larger than a few Mpc. As discussed in
Singal et al. (2010), a substantial contribution from dif-
fuse sources may also be limited by the X-ray and �-ray
background.

The calculations in Figure 1 assumed b = 1. At
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• if not foreground 
contamination, must 
be either 
–  extremely diffuse 

(no small scale 
structure on scales 
probed by VLA or 
ATCA)  

– at very high redshift 
(where intrinsic 
clustering 
amplitudes are 
lower)

If there is an excess, it is 
remarkably unclustered
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Fig. 1.— Expected clustering for several ranges in redshift for the
contributions to the unresolved radio background, as well as the
observed upper limits on clustering (using the background temper-
ature Texcess). For reference, the amplitude inferred for the cos-
mic infrared background measured by Planck is also shown. For
the redshift interval z = 0 � 2 (dotted), the e�ect of each source
being extended is shown: top to bottom are FWHMsmooth=0,
1,2,h�1comoving Mpc

tuations in the models discussed above. To su⇤ciently
suppress power on arcminute scales would therefore re-
quire sources even larger than a few Mpc. As discussed in
Singal et al. (2010), a substantial contribution from dif-
fuse sources may also be limited by the X-ray and �-ray
background.

The calculations in Figure 1 assumed b = 1. At
z = 0, a galaxy with b = 1 would have a mass near
3� 1012h�1M⇥, while at z = 5 this mass corresponds to
a mass below 106M⇥. If the typical contribution is com-
ing from higher masses, the bias factor will be larger,
increasing the amplitude of these curves, while to de-
crease them by the maximum possible factor of ⇥ 0.5
would require much smaller masses. Even so, reducing
the theoretical curves by a factor of two (requiring all
the CRB to be generated by dwarf galaxies if it is com-
ing from low z) is still in tension with the ATCA and
VLA limits on anisotropy.

4. DISCUSSION

The extragalactic radio background measured by the
ARCADE-2 experiment (Fixsen et al. 2011) is remark-
ably smooth, at a level that makes it unlikely to be gen-
erated by emission from a normal population of galax-
ies. If the sources are cosmological it would be expected
that they trace the large scale structure of the universe
to some extent. Clustering would therefore generically
be expected to be at the level of a few percent for
these sources, in conflict with upper limits from deep
anisotropy searches on small scales. For comparison, the
extragalactic radio background has more than an order
of magnitude smaller rms fluctuations than the cosmic
infrared background.

It appears that cosmological sources for this back-
ground must be either at high redshift (z & 5), where
the clustering amplitude is substantially lower than it
is today, or the individual sources must be spatially ex-
tended (few Mpc in extent), such that there is not much

clustering power on the arcminute scales that have been
probed by experiments.

The constraining power of angular clustering measure-
ments is apparent. The upper limits used in this work
are all at least a decade old, with the most stringent fluc-
tuation limit being almost 25 years old (Fomalont et al.
1988). With a new generation of radio experiments, it
should be possible to greatly improve on these limits. If
the clustering amplitude is just below the ATCA/VLA
upper limits, this will be easily measured by an experi-
ment such as the Low Frequency Array (LOFAR). At the
upper end of their frequency range (240 MHz), the excess
temperature would be ⇥ 40K. If this is clustered at even
the 0.5% level, this would produce rms noise fluctuations
⇥ 0.2K. The typical noise expected for a 1hr observation
in the “Core” configuration is expected to be 0.5mJy in a
⇥2’ synthesized beam 1, corresponding to a temperature
noise per pixel of roughly 0.8K. The clustering would
thus be a non-negligible fraction of the noise budget for
a typical observation, and could be easily detected in a
dedicated power spectrum measurement with just a few
hours of observation.

If the excess is not caused by a cosmological popula-
tion, a possibility is that it is coming from our Galaxy.
The radio Galaxy has structure on very large scales; at
2.3 GHz, the power spectrum of the Galaxy on large
scales has been found to be roughly C⇤ ⇥ 0.09 K2⇧�2.9

(Giardino et al. 2001) for ⇧ . 100. Extrapolating this
to ⇧ ⇥ 4000 yields a typical fractional rms temperature
fluctuation that is 2% of the excess temperature, again
well above the ATCA and VLA limits. Therefore, even if
the ARCADE-2 measurements are contaminated by the
Galaxy this excess is surprisingly smooth on arcminute
scales, requiring the angular power spectrum to be much
steeper than l�3 on smaller scales. A steeper power spec-
trum beyond ⇧ ⇥ 100 of ⇧�11/3 might be expected as the
result of interstellar turbulence (Cho & Lazarian 2010).
Using this power-law beyond ⇧ = 100 leads to expected
fluctuations of ⇥ 0.5% at ⇧ = 4000, just slightly below
the tightest upper limits.

In summary, the high extragalactic temperature mea-
sured by the ARCADE-2 experiment presents a genuine
puzzle. Not only is the mean temperature higher than
expected based on extrapolations of source counts, but
the small-scale fluctuations in this background are much
smaller than expected, an order of magnitude smaller
than the fluctuations in the cosmic infrared background.
Measurements of these fluctuations will be extremely
useful for characterizing the source of this background,
and the new generation of radio experiments is well-
equipped to shed new light on this puzzle.
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Conclusions
• galaxies are clustered  

– presumably because they are tracing dark matter, which is 
clustered 

• a background that is a superposition of a bunch of galaxies 
will show clustering 

– e.g., the cosmic infrared background shows clustering at the level 
of ~10% on scales of a few arcminutes 

• the radio background on arc minute scales is smooth at the 
percent level 

– it probably isn’t made up of a simple superposition of galaxies 
• unless: small-scale features are smoothed out or at high redshift so that 

the dark matter is relatively unclustered or coming from rare enough 
sources that the (small-area) radio CMB limits don’t apply 
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