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Figure 9: Left: L′

CO as a function of LFIR for all systems detected at z> 1 (colored
points). L′

CO
was calculated using the lowest available J–measurement and assuming the

excitation correction tabulated in Tab. 2 (see table caption for details on different source
populations). The grey symbols represent z< 1 measurements: the 0.2<z<1 ULIRG
sample by Combes et al. 2011 and 2012b (crosses), low–z quasars from the Hamburg–
ESO QSO survey (diamonds, Bertram et al. 2007), PG quasars (squares, Evans et al.
2001, Evans 2006, Scoville et al. 2003), nearby spiral galaxies (upward triangles), low–z
spirals, starburst galaxies, and ULIRGs (downward and upward triangles, Gao& Solomon
2004a,b), the z< 0.2 IR QSO sample by Xia et al. (2012) and 0.04<z<0.11 ULIRG
sample by Chung et al. (2009, open circles). The full line is a fit to all data points
which gives a slope of 1.35±0.04. The dashed lines indicate the best fits for the main
sequence galaxies (grey dashed) and starburst galaxies (red dashed) derived by Genzel
et al. (2010) and Daddi et al. (2010). Right: The right hand panel shows the logarithmic
ratio LFIR/L′

CO
as a function of LFIR. LFIR/L′

CO
is a measure for the star formation

efficiency in an object, and under the assumption of a conversion factor is the inverse of
the consumption time τconsumption. The consumption time is plotted on the right hand
side of the panels for two different values of α, Galactic (red labels) and ULIRG (blue
labels). The consumption time for nearby galaxies and the CSG are ∼1Gyr, assuming a
Galactic α. The consumption times for the most actively star forming systems are only
a few ×107 yr under the typical assumption of a ULIRG α.

Carilli &	Walter	(2013)
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MOLECULAR GAS IN THREE z ∼ 7 QUASAR HOSTS 5

Figure 1. ALMA 3 mm spectra containing the CO and [C I] emission lines of the three 6.6 < z < 6.9 quasar host galaxies, extracted at the
position of the [C II] emission (that is coincident with the quasar position). The channels were binned by a factor of 6 to a width of 23.4 MHz
(∼80 km s−1). The typical uncertainty per bin is shown in the lower left corner. The red solid line shows a fit to the CO(6–5), CO(7–6), and
[C I] lines with the redshift and line width fixed to those of the [C II] emission line (see Table 1).

sented in Venemans et al. 2016) with the continuum detec-

tions in the 3 mm data presented here to test whether the dust

temperature is consistent with the canonical value. The addi-

tion of a continuum point at 3 mm significantly increases the

baseline over which we can constrain the dust SED. How-

ever, both our continuum points are on the Rayleigh-Jeans

tail of the dust emission and we cannot tightly constrain the

dust temperature at these relatively long wavelengths. Fur-

thermore, we need to make assumptions about the properties

of the dust. Following the literature, we here assume that

the dust emission can be described by a modified black body

with a dust temperature Td and a power-law emissivity index

β (e.g., Priddey & McMahon 2001; Venemans et al. 2016).

With only two continuum detections (at∼1 mm and ∼3 mm),

we cannot constrain Td and β at the same time. In the follow-

ing discussion, we will assume two different values of β from

CO(6-5) Z=6.9
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Phase	I,	II:	z	=	2	- 3

COMAP	Phase	I:

Frequency	range:	26-34	GHz

Sensitive	to	CO	(2-1)	from	EoR

Main	science	signal	is	the	much	brighter	CO	(1-0)	line	from	Epoch	of	Galaxy	Assembly

Can	probe	relationship	between	star	formation	and	molecular	gas	for	hard-to-detect	galaxies

production efficiency assuming that dust extinction is zero,
repeating the estimates made in Bouwens et al. (2015c). This is
almost certainly an extreme case, because even lower-mass
galaxies likely show a small amount of dust extinction. Our
new results for this efficiency factor ξion are presented in

Figure 17 as a function of UV luminosity. We compare the case
of no dust extinction with the case in which all galaxies exhibit
dust extinction according to Calzetti et al. (2000), and using
similar dust extinction for nebular lines and the UV continuum.
The impact is fairly dramatic. The Lyman-continuum photon

production efficiency xlog10 ion/(Hz erg s−1) that we derive is
25.51-

+
0.03
0.03, which is ∼1.6 times higher than the estimates of

Bouwens et al. (2015c) assuming a dust law according to
Calzetti et al. (2000) or an SMC one. This is very close to the
efficiency of 25.53-

+
0.06
0.06 that Bouwens et al. (2015c) had

previously derived for z∼4–5 galaxies with the bluest UV
continuum slopes β (β<−2.3) and very close to the values
suggested by the stellar population models including the impact
of binary stars on the evolution (e.g., Stanway et al. 2016;
Wilkins et al. 2016b) or suggested by models including stellar
rotation (e.g., Topping & Shull 2015).
Such a production efficiency is equivalent to z ∼ 5 star-

forming galaxies producing ∼1.8 times as many ionizing photons
per UV continuum photon as expected from standard stellar
population models (which we take to be 1025.2 to 1025.3 (Hz
erg s−1) consistent with the use in the literature). In calculating
this efficiency, we have assumed that the escape fraction is 0. If
we assume that the escape fraction from galaxies is sufficient to
reproduce observed constraints on the ionizing emissivity of the
universe at z∼4.4 (Becker & Bolton 2013), this would translate
into a 0.02 dex higher mean xion.
To determine the impact of this higher efficiency factor on

reionization modeling, we take advantage of the modeling
results from Bouwens et al. (2015c). Bouwens et al. (2015c)
demonstrate that ionizing emissivity derived from observed
z�6 galaxies matches that inferred from other observations
(Planck, Lyα emission fractions, etc.) if the following

Figure 15. Updated determinations of the derived SFR (left axis) and UV luminosity (right axis) densities vs. redshift (Section 5.4). The left axis gives the SFR
densities we would infer from the measured luminosity densities, assuming the conversion factor of Madau et al. (1998) relevant for star-forming galaxies with ages of
108 yr (see also Kennicutt 1998). The right axis gives the UV luminosities we infer by integrating the present and published LFs to a faint-end limit of −17 mag
(0.03 *=Lz 3)—which is the approximate limit we can probe to z∼8 in our deepest data set. The upper and lower sets of points (red and blue circles, respectively) and
shaded regions show the SFR and UV luminosity densities corrected and uncorrected for the effects of dust extinction. The dust correction we utilize relies on an IRX–
β relation intermediate between SMC and Calzetti for the highest-mass galaxies in the present samples, i.e., >109.75 Me, but an IRX–stellar mass relation for lower-
mass sources (Section 4.2). The dotted black open circles indicate the dust-corrected SFR densities, assuming an unevolving IRX–stellar mass relation (appropriate if
the dust temperature increases monotonically toward high redshift: see Figure 13). The dark red shaded region include the contribution from IR-bright sources
(Magnelli et al. 2009, 2011, 2013). Also shown are the SFR densities at z∼2–3 from Reddy et al. (2009: green crosses), at z∼0–2 from Schiminovich et al. (2005:
black hexagons), at z∼7–9 from McLure et al. (2013) and Ellis et al. (2013: cyan solid circles), and at z∼9–11 from CLASH (Zheng et al. 2012; Coe et al. 2013;
Bouwens et al. 2014a: light blue circles) and Oesch et al. (2013: light blue circles). The z∼9–11 constraints on the UV luminosity density have been adjusted
upwards to a limiting magnitude of −17.0 mag assuming a faint-end slope α of −2.0 (consistent with our constraints on α at both z∼7 and z∼8).

Figure 16. Fraction of the SFR density that would be directly observed in the
IR and in the rest-frame UV according to our fiducial estimates of SFR density
(Table 8). The dashed line gives the dividing line for our fiducial scenario of
evolving Td (35 K× + z1 2.5 0.32(( ) ) : see Section 3.1.3). The present figure
represents an update to Figure 12 from Bouwens et al. (2009). Similar to the
conclusions from Bouwens et al. (2009), we find that most of the SFR density
at z3.5 appears to be directly observable in the rest-frame UV (see also
Burgarella et al. 2013; Bourne et al. 2016; Dunlop et al. 2016).

23

The Astrophysical Journal, 833:72 (32pp), 2016 December 10 Bouwens et al.
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Bouwens et	al.	(2016)
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19	single-polarization	pixels

Ambient-temperature	feeds

Low-noise	amplifiers	cooled	to	~20K

Ambient-temperature	down-conversion

1st IF:	2-10	GHz

2nd IF:	DC-2	GHz

ROACH2-based	digital	processing

38	x	ROACH2	units

19	x	8	GHz
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Pasadena, CA 91106
Caltech

Take E California Blvd to Long Beach Fwy

1. Head west on E California Blvd
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8 min (1.9 mi)
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COMAP Phase I Parameters

Angular resolution (arcmin) ~4’ 

Number of pixels 19

System temperature (K) 40

Frequency coverage (GHz) 26-30 
30-34 

Spectral resolution (MHz) 2

Final map sensitivity per 4 GHz 
band in single field (μK) 1.33



Fiducial	CO	signal	predictions	(Li	et	al.	
2016)

Different	approaches	to	modeling

Large	range	of	predicted	signal	level

Recent	tentative	detection	of	shot	noise	
power	spectrum	by	COPSS

For	fiducial	model,	>3𝜎 detection	on	
clustering	scales

8𝜎 detection	over	all	scales
Li	et	al.	(2016)/	D.	Chung



Constraints	on	z=2-3	galaxies

Red	shows	constraints	from	Phase	I	on
LIR– LCO relation.

Over-plotted	empirical	fits

COMAP	constraints	derived	from	probing	
faint	populations	directly

Not	extrapolated	from	incomplete	bright	
samples

Li	et	al.	(2016)



Constraints	on	z=2-3	galaxies

Blue	shows	constraints	from	Phase	I	on
CO	luminosity	function

Galaxy	surveys	are	probe	the	bright	end

Expensive	to	push	deeper

CO	intensity	mapping	provides	direct	
constraints	on	low	luminosity	population

Complementary	techniques.

Breysse et	al.	(2016)

PDFs of intensity maps 3001

Figure 3. 95 per cent confidence regions around our fiducial !(L) obtained
from the above VID constraints including COMAP instrumental noise (blue)
and from the COMAP power spectrum analysis presented in Li et al. (2016)
(grey).

instrumental set-up. It should be noted that these constraints only
hold if the real luminosity function has exactly the form given in
equation (19). For this reason, computing uncertainties on !(L) in
this manner likely underestimates the true error, especially at the
faint end where the VID is noise dominated.

5 FO R E G RO U N D E F F E C T S

The results shown above assume that the measured fluctuations in
an intensity map are caused only by the source galaxies and in-
strumental noise. However, as when studying the power spectrum,
there are a number of effects that can alter the observed intensity
fluctuations and reduce the constraining power of a given experi-
ment. Below we provide examples of how three of these effects,
continuum foregrounds, line foregrounds and gravitational lensing,
can affect the constraints obtained from the VID.

5.1 Continuum foregrounds

One of the most substantial difficulties facing any intensity mapping
experiment is the presence of bright continuum foreground emis-
sion. This problem is most evident in 21 cm experiments, where
foreground contamination can be ∼5 orders of magnitude brighter
than the signal (Morales & Wyithe 2010). Other lines face the same
problems to a somewhat lesser degree. For example, a COMAP
like survey would observe at roughly 30 GHz, an area in frequency
space familiar to CMB observers for containing large amounts of
galactic synchrotron and free–free emission (Planck Collaboration
X 2016a), as well as contamination from radio point sources (Keat-
ing et al. 2015). Indeed, the CMB itself creates a substantial amount
of ‘foreground’ contamination at these frequencies.

Despite the overall strength of continuum foregrounds compared
to the signal, they can be cleaned out of a map by taking advantage
of their smooth frequency spectra. The intensity mapping signal
will have a significant amount of structure in frequency space, as it
maps the distribution of galaxies along the line of sight. Foregrounds
such as synchrotron emission, however, are expected to be quite
spectrally smooth. This means that continuum contamination is
confined to Fourier modes oriented near the plane of the sky, and it

can be effectively removed by subtracting out these modes, as was
demonstrated by Keating et al. (2015).

The effects of this mode subtraction are straightforward to model
in power spectrum space, as the only effect is to reduce the number
of available Fourier modes. Unfortunately, there is no clear way
within our formalism to exactly replicate the effects of subtracting
out only line-of-sight modes. Studying this procedure accurately
may require the use of simulated maps. As an approximation to the
correct foreground cleaning procedure, we consider a case where
all of the k = 0 modes are removed from a map, both along the line
of sight and in the plane of the sky. This will not exactly duplicate
the true effect of continuum foregrounds, but it provides a rough
estimate of the significance of the effect. For simplicity, we will
also consider a spatially uniform foreground.

Consider then a map made up of three contributions: the usual
CO signal, Gaussian, zero-mean instrumental noise and a spatially
and spectrally smooth foreground with intensity T CF . The observed
intensity in any given voxel will then be

Tobs = T CO + "TCO + "TNoise + T CF , (22)

where we have divided the CO signal into mean and fluctuation
parts. Subtracting out the k = 0 modes means that we can only
observe

"Tobs = Tobs − T = "TCO + "TNoise, (23)

where T = T CO + T CF . The probability of observing a voxel with
fluctuation "T is then

P"("T ) = P("T + T ), (24)

where P(T ) is the original signal+noise VID.
When computing the Fisher matrix for this new model, the num-

ber of voxels in a fluctuation-space bin is

Bi = Nvox

! "Tmax,i

"Tmin,i

P"("T )d"T . (25)

Using equation (24), we can rewrite this as

Bi = Nvox

! "Tmax,i+T

"Tmin,i+T

P (T ) dT . (26)

We have now introduced a sixth unknown parameter T into our
calculation. In the presence of our simple foreground, it is no longer
known a priori that absolute intensity T corresponds to a given
fluctuation "T. In other words, we can only measure the VID up
to an additive constant in every voxel. Fortunately, we can easily
add this extra parameter to our Fisher analysis to determine how it
affects our constraints.

Fig. 4 shows the effect of this added uncertainty, with the sig-
nal+COMAP noise constraints from Section 5 shown in blue and
the new continuum-subtracted constraints shown in purple. The
continuum-subtracted constraints are marginalized over the un-
known mean intensity T in addition to σ G. The foreground sub-
traction procedure worsens the constraints slightly, but the effect is
not dramatic. The effect of this subtraction on the !(L) constraints
shown in Fig. 4 are given in Appendix C. Simply subtracting out
the mean of the map, therefore, does not lead to a substantial loss
of constraining power. Note that a true spatially varying foreground
may leave some residual contamination that will affect these con-
straints. This effect will be highly model dependent, so we leave it
for future work.

MNRAS 467, 2996–3010 (2017)

CO	Luminosity	Function



Continuum	Foregrounds

Synchrotron,	Free-free,	Point	sources,	
CMB

Also	AME

Spectrally	smooth	– fitted	out	as	low	
order	modes

Component	separation	- GNILC

Line	Foregrounds

Other	lines	redshifted	into	band

HCN	(1-0),	CN	(1-0),	CS	(1-0),	HCO+

Brightest	line	foreground	subdominant

Foreground

Foreground  
Galactic synchrotron from the Global Sky model (de Oliveira-Costa et al. 2008).
Free-Free emission from the Planck Sky Model (Delabrouille 2013)
Point sources (PSM model with limit between strong and faint sources = 100 mJy)
CMB (Commander-Ruler CMB intensity map)

                                         

Mollview projection
Sky at 30 GHz

Galactic free-freeGalactic 
synchrotron

Faint point sources
CMB

K_CMB 3

Component separation for CO IM with GNILC 3

Table 1. Instrumental and observing parameters for COMAP. These values are based on Li et al. (2016).

Parameters Experiment

COMAP phase 1 COMAP phase 2

Redshift range, [zmin, zmax] [2.4, 3.4] [2.4, 3.4]
Bandwidth, [⌫min, ⌫max] (GHz) [26, 34] [26, 34]
Number of feed horns, nf 19 500
Sky coverage, ⌦sur (deg2) 10 25
Observation time, tobs (hr) 6000 9000
System temperature, Tsys (K) 40 35
Beamwidth, ✓FWHM (arcmin) 6 3

significantly from those of COMAP. In this work, we there-
fore divide COMAP in two phases: phase 1 and phase 2.
There is also the possibility for a third phase of COMAP,
which would focus in the physics at the EoR (z = 5.8� 7.8)
by observing the CO(2� 1) line. In this work, however, this
phase will not be considered. The COMAP experimental
parameters adopted in this work are summarized in Table
1.

For simplicity, we consider that the COMAP observed
area is continuous. This, however, is just an approximation.
In reality, COMAP is expected to observe four discontinuous
patches of the sky. This, however, has no e↵ect in our work
since the cosmological CO signal is expected to be homoge-
neous and isotropic and hence statistically the same for any
patch of the sky. The foregrounds, on the other hand, do
change with position in the sky, but once the observations
are made either all out of the Galactic plane or all in the
Galactic plane their physical properties will be basically the
same for each one of the observed patches. In any case, in
Sec. 5.2, we do vary the observed (continuous) patch of the
sky and quantify the GNILC performance as a function of
Galactic coordinates.

3 OBSERVED SKY

We now explain the components of our ⇠ 30GHz simulated
radio sky: CO emission, astrophysical foregrounds (Galactic
synchrotron, Galactic free-free, Galactic AME, CMB, and
extragalactic point sources), and thermal noise. To produce
maps for the foregrounds and the CO emission, we use the
HEALPix package (Górski et al. 2005) with a resolution of
Nside = 2048 (pixel size ⇡ 1.7 arcmin). In this step the maps
are smoothed to the appropriated resolution: 6 arcmin for
the phase-1 and 3 arcmin for the phase-2 experiment. The
cartview routine is then used to generate Cartesian maps
with the appropriate field-of-view and pixel size (3 arcmin).
We use pixels of 3 arcmin because they are larger than the
1.7 arcmin HEALPix pixels of the original full-sky maps,
which minimizes projection artifacts in the final Cartesian
maps. We adopt this particular procedure (HEALPix to
Cartesian maps) because our foreground models are all given
by full-sky maps. For most of this work, when generating the
Cartesian maps, we centre the sky at Galactic coordinates
(l, b) = (150�, 30�). An example of the COMAP observed
sky is shown in Fig. 1. In this figure, the COMAP phase-2
field-of-view and resolution are assumed. At this particular
sky position, the CMB dominates the observed sky. This

Figure 1. COMAP simulated sky (synchrotron, free-free, AME,
CMB, point sources, CO(1-0), and thermal noise) at 29.8 GHz
(z ' 2.9). The map is centred at Galactic coordinates (l, b) =
(150�, 30�), has the COMAP phase-2 field-of-view, i.e., 5� ⇥ 5�,
and resolution, i.e., 3 arcmin. The COMAP phase-1 field-of-view
(3.2�⇥3.2�) is over-plotted as a dashed square. At this particular
sky position, the CMB dominates the observed sky.

is would not be true, however, if we were observing at a
lower latitude, case in which the Galactic emissions would
dominate the sky.

3.1 CO Signal

To calculate the cosmological CO emission, we follow the
theoretical framework presented by Lidz et al. (2011) and
Breysse et al. (2014). Here, only the rotational J = 1 ! 0
transition is considered. In this framework, the CO bright-
ness temperature is given by

T̄CO(zCO) =
ACO

8⇡

1
⌫3
CO

c3

2kBH(zCO)
fduty(1 + zCO)2 (1)

⇥
Z 1

MCO, min

M
dn(zCO)

dM
dM.

where M is the halo mass, MCO, min = 109 M�, and ACO is
an overall normalization. In the derivation of the above ex-
pression, the CO line is assumed to be a delta function emit-
ted at frequency ⌫CO, the CO luminosity function is assumed
to depend linearly on M , halos with masses smaller than

c� 2002 RAS, MNRAS 000, 1–14

Component separation for CO IM with GNILC 9

Figure 4. Input CO signal (left panel), GNILC reconstructed CO signal (middle panel), and residual signal (input minus GNILC
reconstructed CO) (right panel) at 29.8 GHz (z ' 2.9). In the top panel, we have the COMAP phase-1 result (field-of-view of 3.2�⇥ 3.2�

and resolution of 6 arcmin) and in the bottom panel, the phase-2 result (field-of-view of 5�⇥ 5� and resolution of 3 arcmin). All maps are
centred at Galactic coordinates (l, b) = (150�, 30�). GNILC clearly has been able to reconstruct the main features of the input signal.

Table 3. Summary of the GNILC performance, given in terms of NGNILC and RGNILC, for di↵erent positions of the sky. The coordinates
are in the Galactic system. The results are for the COMAP phase-2 experimental setup. The value for RGNILC is given in parentheses.

Longitude (b)
50� 100� 150�

15� �7.2% (0.68�) �7.2% (0.69�) �7.1% (0.69�)
Latitude (l) 30� �5.4% (0.51�) �2.7% (0.48�) �5.3% (0.51�)

45� �5.6% (0.53�) �4.4% (0.48�) �5.6% (0.52�)
60� �4.3% (0.49�) �4.4% (0.48�) �4.7% (0.48�)

Table 4. Summary of the GNILC ability to reconstruct the CO
plus noise power spectra in the presence of foregrounds.

Scenario NGNILC NGNILC abs RGNILC

Phase 1 0.9% 8.3% 0.35�
Phase 2 �4.8% 6.7% 0.47�

formance is worse at l = 15�. The degradation in the GNILC
performance, however, is not so dramatic, which shows that,
as long as the real Galactic emission has similar spectral
properties to what is assumed in this work, the method can
work even at relatively low latitudes.

5.3 Basic Results: Thermal Noise

We now simulate the phase-1 and phase-2 experiments with
the inclusion of the appropriated thermal noise to the ob-
served sky. The fact that the thermal noise is roughly of
the same order of magnitude (larger for phase 1) than the

CO signal (see Fig. 2) makes the optimal strategy for this
exercise to be the reconstruction of the CO plus noise signal.

The results for this exercise are summarized in Table 4.
In Fig. 5, we show two examples of the GNILC reconstructed
CO plus noise power spectrum. For the particular channel
shown, RGNILC = 0.24� for phase 1 and RGNILC = 0.37�
for phase 2. Once again, the results show that GNILC is
able to clean the foregrounds and reconstruct the wanted
signal – now the CO plus noise signal – with reasonable
accuracy. Moreover, because the wanted signal is now larger,
the results are even better than before (compare Table 4
with Table 2). The improvement is larger for phase 1 because
the wanted signal is larger as well (this is due to a larger
noise and not to a larger cosmological signal).

One question, however, arises from the above exercise,
principally for the phase-1 result: is GNILC really recon-
structing the CO plus noise or only the noise? To answer
this question, we do two tests. First, we subtract the input
noise maps from the reconstructed CO plus noise maps and
compare the resulting signal with the input CO signal. In
the case of a perfect reconstruction, these two signals should
be the same. Figure 6 shows our results for one of one of our

c� 2002 RAS, MNRAS 000, 1–14
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light cone variation that exists in the CO spectra, including
contamination. For comparison, we also show k2D ( ) values
from COPSS as given in Keating et al. (2016), which was
published during the preparation of this work. These data
constitute the first and presently only detection of the CO
autocorrelation spectrum signal at any spatial mode as far as we
are aware.

For our fiducial model, the HCN spectrum lies well below
the CO spectrum, by a few orders of magnitude. However, the
model variations from Section 2.2.3 affect the HCN spectrum
to varying degrees, asFigure 5 shows. Most notably, both of
our power-law models place the HCN spectrum well above the
CO spectrum, despite Section 3.1 showing lower average cube
temperatures in HCN than in CO for all models. The bias
introduced in the total line intensity power spectra is similar
between k2D ( ) and Cℓ, although there is slightly less
contamination in the former at the largest physical scales due
to a stronger clustering signal. (This is to be expected—the
survey volumes are elongated in the line-of-sight direction, so
line-of-sight clustering ignored in the cube-averaged Cℓ
contributes significantly to P(k) at lower k.) Again, the
power-law model has a different choice of IR–CO luminosity
scaling that diminishes CO spectra in comparison to the fiducial
spectra, but the relative rise in HCN spectra is due to no such
thing. Spectrum contamination in the turnaround model is also
possible if we increase log scatter in HCN luminosity, although
the median HCN spectrum even for 1.0LHCNs = dex is not as
high as the CO spectrum for smaller k or ℓ.
Credible changes in the LIR–LHCN¢ relation make little

difference by comparison. Looking at the shot noise component
of the power spectrum, the median P k 1 MpcHCN

1= -( ) over
all simulated observations goes up by a factor of 1.5 relative to
the fiducial model if we use 1.09a = and 2.0b = , following
Carilli et al. (2005), and goes down by a factor of 2.2 relative to
the fiducial model if we use 1.23a = and 1.07b = , following
García-Burillo et al. (2012). While these are relatively small
changes in comparison to the orders-of-magnitude changes
between the turnaround and power-law models, they do show
that the level of empirical uncertainty in even the local IR–
HCN connection alone implies a range of uncertainty of a
factor of several in the HCN power spectrum.
For both high log-scatter and power-law models, the HCN

spectrum is very flat across the different modes (i.e.,Cℓ and P(k)
are roughly constant, meaning k k2 3D µ( ) ) and is entirely shot-
noise dominated, unlike in the fiducial model. Again,Figure 3
analytically illustrates what bins of halo masses we expect to
contribute most to this shot noise component of the signal. For the
fiducial model, most of the shot noise for both CO and HCN
comes from halos of mass M1012~ :, at the L Mline ( ) downturn.
However, in the power-law model, the shot power originates from
much higher-mass halos: the differential shot power peaks around

M1013
: for CO and around M1014

: for HCN (which has a
steeper IR–line luminosity relation than CO). So as in Section 3.1,
we find a class of extreme HCN emitters only in the power-law
models, with profound implications for predicted power spectra.
We will revisit this class of emitters in Section 3.4, where we
examine differences in the numerically obtained HCN luminosity
functions across these models.

3.3. Detection Significance

We use the CO detection significance metric used in Li et al.
(2016), which is the sum in quadrature of the signal-to-noise
ratio (S/N) of P(k) over all k:

P k
k

S N , 11
i

i

P i
total
2

2

å s
=

⎡
⎣⎢

⎤
⎦⎥

( )
( )

( )/

where i indexes the binned spherical modes we obtain for P(k).
In their Appendix C, Li et al. (2016) outline the calculation of

Figure 4. Three-dimensional spherically averaged power spectra (upper panel)
and averageCℓ over all frequency channels (lower panel) for the fiducial model.
Within each panel, the upper plot shows the auto spectrum for the CO signal
only, the HCN contamination only, and the CO signal plus HCN
contamination. Median spectrum values and 95% sample interval (the latter
shown only for CO plus HCN) at each k or ℓ are shown for each model, with
fractional residuals between uncontaminated and contaminated CO spectra
shown below each spectra plot. We also show k2D ( ) values from analysis of the
full COPSS data set by Keating et al. (2016).
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Fiducial	CO	signal	predictions	(Li	et	al.	
2016)

In	a	possible	Phase	II,	replicate	over	5	
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Observe	for	3	years

4	GHz	bandwidth

Allow	detection	of	the	power	spectrum	
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High-redshift	observations

Ultimate	target	of	COMAP	is	EoR

Requires	a	second	frequency	channel

Ka band	(12-18	GHz)	sensitive	to	CO	(1-0)	
from	z=6-8

Cross-correlate	with	Ka-band	
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4	year	project:	2-year	build,	2-year	observation
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Full	19	pixels	~few	months
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