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Figure 6. Simulated velocity-integrated brightness temperature (moment-0) maps of the CO and C I lines of NGC628, at different
redshifts. The images are displayed in the source rest frame with units of K km s−1. From top to bottom: CO J = 1–0, CO J = 2–1,
CO J = 3–2, C I 1–0 and C I 2–1. We assume that Tkin = Td and that the H2 gas is virialized with a uniform number density of 103 cm−3.

NGC628. This is because Tkin is often significantly higher than Tdust for the H2 gas in SF regions, and
dv/dr is also much larger than the quiescent value adopted. Thus, the actual contrast observed between
the CO line brightness from the warm H2, and the CMB-affected cold H2 gas regions at high redshifts,
will be even higher than that shown in figure 6. This then makes CMB-affected CO line brightness
distributions even more biased, with our simulation presenting only the minimum effect. In a real
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Figure 7. Radial distributions of the simulated CO J = 1–0, CO J = 2–1, CO J = 3–2, C I 1–0 and C I 2–1 emission of NGC 628 at redshift
0, 2, 4, 6 and 8, respectively. The colours show the redshifts. Similar to figure 4, we measure the average flux in each concentric elliptical
rings, and normalize it with the flux in the central position at z = 0. The vertical solid lines show the half-light radii (R50), and the vertical
dashed lines show the 90% light radii (R90).

galaxy with clumpy star formation regions, the underlying H2 mass distribution will be even harder
to recover, with only the warm/dense ‘spots’ detected, whereas the colder, CMB-affected regions may
be not detectable. Such CMB-affected images of CO lines would imply an underlying H2 distribution clumpier
than it actually is.

On the other hand, figure 6 shows that the two C I lines do retain a higher brightness contrast against
the CMB at high redshifts than the low-J CO lines. This happens for reasons similar to those behind the
re-brightening of dust continuum distributions at high source-frame frequencies. Indeed, the upper level
energies of the two C I lines correspond to hν10/kB ∼ 24 K and hν21/kB ∼ 62 K, which are � Tkin(z) for cold
molecular gas (especially for the C I 2–1 line). The relatively high frequencies of the C I lines make the
line-CMB contrast significant as these two lines fall on the Wien side of the SLED expected for cold H2
gas (with the low-J CO lines being decisively on its Raleigh–Jeans domain). One may wonder why the
high-J CO lines such as CO J = 6–5, 7–6 with their hνj→j−1/kB factors also � Tkin(z) for cold molecular gas
(and thus on the Wien side of its expected CO SLED) could not be used in the same manner as the two
C I lines. This is because, unlike the low critical densities of the two C I lines (ncrit ∼ (300 to 103) cm−3),
those of high-J CO lines are �104 cm−3. Thus, such CO lines will only be excited in the dense molecular
gas, associated with the typically much more compact SF regions of galactic discs.
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Figure 8. Simulated velocity field (moment-1) maps of CO J = 1–0, CO J = 2–1, CO J = 3–2, C I 1–0 and C I 2–1 emission of NGC628
at different redshifts. The images are displayed in the source rest frame. The observing frequency varies with redshift and transition. The
contours are from 630 to 690 km s−1 with steps of 10 km s−1. We use a cut-off of Iline > 3σ in generating all the velocity-field maps.

In figure 7, we plot the radial distributions of the line emission of CO J = 1–0, CO J = 2–1, CO
J = 3–2, C I 1–0 and C I 2–1 in NGC628 at redshift of 0, 2, 4, 6 and 8, respectively. Using the images
shown in figure 6, we measure the average flux density in concentric elliptical rings. We can see
that the CMB effect is dramatic, diminishing the contrast of the cold gas line emission distribution
against the CMB much more than that for the warm gas. As in the case of the cold dust, line imaging
observations would then need much longer integration time to recover the CMB-dimmed cold molecular
gas distributions in galaxies. On the other hand, they would readily recover the smaller distributions of
warmer molecular gas, thus assigning potentially much smaller sizes to the gas discs of CMB-affected
galaxies. The latter would seriously underestimate their true underlying dynamical mass, and affect the deduced
M(H2)/Mdyn ratio.

Finally, ALMA and JVLA promise not merely sensitive imaging of the dust and H2 gas mass
distributions in distant gas-rich galaxies, but also the imaging of their H2 velocity fields. These, along
with structural parameters such as gas-disc scale lengths and gas and stellar mass surface densities, are
sensitive to disc instabilities in distant galaxies and yield critical information such as Mdyn. Moreover,
molecular gas velocity fields derived from CO lines are often used in order to decide the type of a distant
heavily dust-obscured galaxy (disc versus merger). Interferometric line imaging observations designed
to obtain high-quality H2 velocity field maps of distant galaxies are the most demanding kinds. This is
because, unlike dust continuum or velocity-integrated line brightness images, a high signal-to-noise ratio
must be achieved within narrow velocity channels in order to recover gas velocity field information. In
figure 8, we show the effects of the CMB on such a set of mapping observations for CO J = 1–0, 2–1, 3–2
and C I 1–0, 2–1. As the redshift increases, the recoverable map of the molecular gas velocity field shrinks
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revealing the most dramatic impact of the CMB bias on the recoverable information from molecular line
imaging observations of distant galaxies. This in turn will strongly impact all galactic quantities derived
from such gas velocity maps such as dynamical mass and the Toomre Q criterion used to decide the
stability of gas discs.

Here we must note that once the noise associated with any synthesis imaging observations and the
cosmological (1 + z)−3 brightness dimming factor are taken into account, the fundamental constraints set
by the rising CMB on the imaging of cold dust and molecular gas distributions of distant galaxies will
take effect for redshifts lower than those indicated in this work. We will explore this issue using realistic
simulations of ALMA/JVLA synthesis observations in a future paper.

5. Summary and conclusion
We uncover and describe a fundamental constraint placed by the CMB on centimetre/millimetre/
submillimetre imaging observations of the cold dust and molecular gas distributions for galaxies in the
distant Universe. The elevated CMB at high redshifts dramatically diminishes the emergent continuum
and line brightness distributions of the cold gas and molecular gas. This in turn induces strong biases
on the recoverable information such as the deduced molecular gas and dust disc distribution scale
lengths, the CO-derived velocity fields, the enclosed dynamical mass estimate, the value of the Toomre
Q parameter, and the observed dust and H2 gas mass distributions in galactic discs at high redshifts.

This constraint is unique to centimetre, millimetre and submillimetre wavelengths as the CMB at
near-IR/optical wavelengths is negligible over the cosmic time during which H2/dust-rich galaxies are
expected. Unlike the spatially integrated effects [9–11], this limitation placed by the CMB on the dust
continuum and line brightness distributions cannot be addressed simply. Nevertheless, we find a unique
signature that can identify CMB-affected dust continuum or line emission brightness distributions in
high-redshift galaxies, and even recover some of the structural/dynamical information ‘erased’ by the
elevated CMB. It consists of a nearly constant and then rising contrast between the dust or line brightness
distribution and the CMB as the rest frame frequency of the imaging observations crosses over from the
Raleigh–Jeans to the Wien domain of the cold dust and gas S(L)ED.

The fundamental constraint set by the CMB on the imaging of cold dust and molecular gas in the early
Universe can also have a strong impact on the cosmological census of gas-rich galaxies. This is simply
because galaxies that can be (cold-ISM)-dominated (e.g. isolated SF spirals) may be under-represented
with respect to more (warm-ISM)-dominated galaxies (merger/starbursts) for surveys conducted in
frequencies at the Raleigh–Jeans regime of the cold ISM emission S(L)ED.

The astronomical community was compelled to build ALMA by the natural desire to understand the
how our home, the Milky Way, has evolved since the dawn of the cosmos. Indeed, the design of ALMA
was driven to a significant extent by a requirement to trace the dynamics of gas in the precursors of
relatively normal galaxies such as the Milky Way—seen in the days when the Solar System was forming,
in a reasonable integration time, approximately 1 day. It is clear now that the dramatic effects of the CMB
will need to be considered carefully when designing and conducting this experiment, and that studies
of molecular gas and dust in the early Universe are more complicated than we had previously thought.
The reliable detection of colossal cold, dusty structures [43]—lurking, unseen, having been driven out of
massive galaxies by super-winds—was thought to be at the bleeding edge of what is currently possible,
limited by the poor sensitivity of warm single-dish telescopes in space and interferometric studies that
are ‘blind’ on scales above approximately 100 kpc. Now we understand that these technological issues
may be the least of our concerns. To faithfully discern the bulk of the gas against the glow of the CMB,
and in particular to reliably determine its dynamics, will require a considerable investment of time with
the fully completed ALMA, with an emphasis on the gas tracers that we have shown to be relatively
immune to CMB-induced biases, such as C I lines and continuum observations at a wavelength of about
1 mm.
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