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Distortions of the observed cosmic microwave background provide adirect
measurement of the microwave background temperature at redshifts fromOto1
(refs.'?).Some additional background temperature estimates exist at redshifts from
1.8 to 3.3 based on molecular and atomic line-excitation temperatures in quasar

absorption-line systems, but are model dependent®. No deviations from the expected
(1+z) scaling behaviour of the microwave background temperature have been seen?,
but the measurements have not extended deeply into the matter-dominated era of
the Universe at redshifts z > 3.3. Here we report observations of submillimetre line
absorption from the water molecule against the cosmic microwave background at
z=6.34inamassive starburst galaxy, corresponding to alookback time of

12.8 billionyears (ref. ). Radiative pumping of the upper level of the ground-state
ortho-H,0(1,,-1,,) line due to starburst activity in the dusty galaxy HFLS3 resultsin a
coolingto below the redshifted microwave background temperature, after the
transition s initially excited by the microwave background. This implies a microwave
background temperature of 16.4-30.2 K (1o range) at z = 6.34, which is consistent with
abackground temperature increase with redshift as expected from the standard

ACDM cosmology*.

We used the Northern Extended Millimeter Array (NOEMA) to obtain
asensitive scan across the 3-mm atmospheric window towards the
z=6.34massive dusty starburst galaxy HFLS3 (also known as IHERMES
$350J170647.8+584623; see Methods)’. These observations reveal a
broad range of emission features dominated by the CO, H,0 and H,0"
molecules and atomic carbon, on top of thermal dust continuum emis-
sion that is rising with frequency consistent with a dust temperature
of Ty =63.312% K (refs. 5°) (Fig. 1). The spectrum also shows a deep
absorption feature due to the ortho-H,0(1,,-1,,) ground-state transi-
tion at rest-frame 538 pm (observed at 3.95 mm, or 75.9 GHz). This
absorption is about two times stronger than the continuum emission
from the starburst at the same frequency (Fig. 2). For this effect to
occur, a substantial population of the ortho-H,0 1,4 level (which lies
26.7 Kabove the 1, ground state) has to be excited by cosmic microwave
background (CMB) photons as a basis for pumping of this level by the
starburstinfrared radiationfield (see Extended DataFig.1). The effect
becomes observable towards HFLS3 because of the warm CMB at this
redshift, whichis predicted tobe T,z =20.0 Katz=6.34 based onthe
standard ACDM cosmology (Where Teys(2) = Tewp(z= 0)* 1+ 2)YP, Teus
(z=0)=2.72548 £ 0.00057 K (ref.”) and the power-law index 8= 0).
The absorption of photons from the CMB radiation field appreciably
populates the H,0 1,4 level. The intense infrared radiation field from
the starburst then preferentially de-populates the 1, level through
radiative pumping, resultingin a deficitin the 1,; level compared with
1,, relative to a thermal distribution. In combination, these two

processes resultin an excitation temperature T, of the H,0(1,,-1,) line
thatislower than T, such that the line becomes observablein absorp-
tion against the CMB. As the effect depends on the strength of the CMB
radiation field, it can be used to measure T, for galaxies that have
well-measured dust spectral energy distributions and dust continuum
sizes, asis the case for HFLS3.

To understand the effect, we have calculated a series of spherically
symmetric RADEX® models over awide range of H,0 column densities,
assuming purely radiative excitation (Figs. 2 and 3; see Methods for
additional details). Exposing a cold, H,0-bearing region associated
with HFLS3 to the black-body CMB radiation field at Ty5(z = 6.34), the
models suggest that 77.2% of the molecules will be in the 1, ground
state and 20.3% will be in the upper 1,, state, and all H,O transitions
have an excitation temperature T, equal to Ty As aresult of this zero
temperature contrast, no H,0 emission or absorption would be observ-
able, despite the fact that the H,O rotational ladder is excited by the
CMB radiation. However, this picture changes when the same region
is also exposed to the infrared radiation field emitted by the starburst
nucleus of HFLS3, as the latter does not follow a single-black-body
radiation pattern. Indeed, the infrared spectral energy distribution of
HFLS3 reachesits peakintensity at 73.3/1$umand can be approximated
byagreybody witha Rayleigh-Jeans slope of 8 =1.94:0:0%. Thisis due
to the presence of dust at multiple temperatures and an increasing
dust optical depth towards shorter wavelengths>®. In this case, the
level populations of the 1, and 1,, states will deviate from the
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Fig.1|Broad-band, 3-mmspectroscopy of the starburst galaxy HFLS3 ata
redshift of 6.34 with NOEMA. Black/yellow histogram, NOEMA spectroscopy
data, binned to 40-MHz (158 km s at 75.9 GHz) spectral resolution. Expected
frequencies of molecular and atomiclines at the redshift of HFLS3 are

single-temperature thermal equilibrium population and change to
68.0% and 14.6%, respectively, for the solution shownin Fig. 2, resulting
inanexcitation temperature T, of only 17.4 K for this transition. Owing
tothe A/=1selectionrule for photonemission/absorption, only three

HFLS3 (z = 6.34)

indicated, with the dominant species labelled in black. The dashed red box
indicates the frequency range of the ortho-H,0(1,,-1,,) line, whichis detected
inabsorption against the CMB.

ortho-H,0 transitions contribute to the modification of populations
inthe 1, and 1,4 levels, namely, the 538-pm 1,,-1,, and 180-pm 2,,-1,;
transitions affecting the former, and the 108-pm2,,-1,, transition affect-
ing the latter (see Fig. 2; the 2,,-1,, transition is forbidden).
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Fig.2|H,0line and continuum properties and modelling of HFLS3.
Ortho-H,0 energy-level structure (a, red solid arrows are detected transitions,
grey dotted linesare upper limits and blue dashed arrows are pumping
transitions, with observed and model-predicted absorption/emission lines

Observed frequency (GHz)

populationsinthe model) and zoom-inon the H,0O line at the same spectral
resolutionasin Fig.1toshow that theline absorbsintothe CMB (b, blue shading
added for emphasis). The black curveisafit to the spectrum. Thered dashed
curveisthebest-fit radiative transfer model.

indicated asupward/downward arrows, respectively; percentages are the level
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Fig.3|Radiative transfer models for HFLS3 and constraints on the CMB
temperature. a, Model grid for the predicted line-absorption strength for
Tems(z=6.34) =20.0 K (greyscale) as a function of H,0 column density (y axis)
and radius of the dust-emission region at 108 pm (x axis). The white curves
show the parameter space allowed by the measurement (solid line) and the -10
r.m.s.uncertainty region (dotted line). The dashed black lines show the
measured continuum size (left) and +lor.m.s. uncertainty region (right). The
overlappingregionbetween the white boundary (thatis, the minimum allowed
absorption strength) and the size measurement (thatis, the minimumrequired
emitting areaat100% covering fraction) is the allowed parameter space for the
absorptionstrengthwithinlor.m.s. The minimum required radius at

N(H,0) ~107 cm2is duetoaminimumin 7, in the models. b, Constraints on
Tcewms for the observed absorption strength (green line and shaded region) at the

The over-proportional de-population of the 1,4 level occurs because
the H,0(2,,-1,0) transition at 108 um dominates the modification of
the level population®®. This transition lies near the peak of the dust
spectral energy distribution, where the dust emission has a higher
optical depththan at 538 pm, where the H,0(1,,-1,;) transition occurs.
Theincreasein dust optical depth withwavelengthleadsto anincreased
availability of 108-pum photonsrelative to 538-pum photons compared
with the thermal equilibrium case of a single-black-body radiation
field. This implies that the 2,,-1,, transition at 108 um is exposed to a
more intense infrared radiation field than the 1,,-1,, transition at
538 um. For the infrared radiation field of HFLS3, the models therefore
suggest that both H,O transitions should be found in absorption, but
that the 2,,-1,, transition (which is not covered by our observations)
will contribute alarger fractionto thel,,level de-population than that
found for the thermal equilibrium case. The CMB photons, onthe other
hand, only provide the base population expected for the thermal
black-body equilibrium case. This causes a reduced excitation tem-
peratureinthel,,-1,, transition compared with the thermal equilibrium
case, unless the 1,, level is even more substantially de-populated due
tothe H,0(2;,-1,,) transition at 180 um. This, however, does not occur,
as our models show that this transition is expected to be seen in emis-
sion (at a line strength approximately 3-5 times below a previously
reported upper limit®). This is because the upper-level population of
the 2,1, transition is also affected by the population of the 2,, level
throughthe 2,,-2,,line, which appearsin emission due to the pumping
of its upper 2,, state by the 2,,-1,,absorptionline. As such, the models
suggest anet deficitinthe upper-level population of the 1,,-1,, transi-
tion compared with the thermal equilibrium case, which causes the T,
of the line to end up below the CMB temperature.

The RADEX models yield T, =17.4 K due to this level-population
modification. To translate model-predicted temperature differences
into an absorption-line flux that can be compared with the observa-
tions, the size of the emitting/absorbing region needs to be known.
Based on NOEMA observations at rest-frame 122 pm (Extended Data
Fig. 2), we estimate the dust continuum size of the emitting region at
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minimum size compatible with the observations (a), based on the same models
(red/blue shaded regions are the allowed ranges within the source radius
+lo/+20r.m.s.). The source radius at face value (black line), as well as the -1o and
-2o0r.m.s.regions (notshown), are ruled out by the observations. The minimum
filling factor of the dust emission region CF, isindicated for the +loand +20
r.m.s.regions. The grey dashed line shows amodel assuming a continuum
radius of 5kpc, which provides a conservative lower limit on T¢y;. ¢, Observability
ofthe H,0 absorption as afunction of redshift for three solutions allowed by
thedatawithoutand with collisional excitation. The effect becomes
observable atz-4.5and remains visible at similar strengthtoz>12.The
lower-redshift limitis higherin cases where collisional excitationisimportant,
but theimpactis minor below n(H,) =10°cm™.

108 pum (the wavelength of the pumping transition) of HFLS3 to be
Togum =1.62 + 0.45 kiloparsecs (kpc). Within the uncertainties of the size
estimate, the RADEX models suggest that the strength of the observed
H,0 absorption can be reproduced over about two orders of magni-
tudeinH,0 column density, withalower limit of around 10" cm™. The
minimum covering fraction of the dust continuumis about 60% when
conservatively leaving Tz asafree parameter (100%is assumed for the
gridshownin Fig.3a). The upper limit for the H, column density implied
by the gas mass of HFLS3 of (1.04 + 0.09) x 10" My, (ref. ) provides a
lower limit to the gas phase [H,01/[H,] abundance of >2 x 1077, which falls
within the range of 10°-107° found for nearby starbursts™. The small
difference AT =T, — Tem = —2.6 Kis, therefore, sufficient to explain the
observed strength of the H,0(1,,-1,,) absorption line towards the CMB
in HFLS3 when assuming a layer of cold, diffuse H,0-bearing gas with
a high covering fraction in front of the warm dust continuum source
associated with the H,0 emission lines.

Astheabsorptionlineis observedin contrast tothe CMB, we can use
the strength of the absorption line to obtain ameasurement of T at
the redshift of HFLS3. The RADEX models suggest that, to detect the
H,0(1,,-1,,) lineinabsorption against the CMB, T¢y5(z = 6.34) must be
>7-8 K, independent of the model assumptions (see Methods). The
observed strength of the signal suggests16.4 K < Tys(z=6.34) <30.2K
(10,0r12.8K < Teyp(z = 6.34) <34.0 K20) for HFLS3 when treating Ty,
B and the wavelength where the dust optical depth reaches unity as
free-fitting parameters for each dust continuum size sampled by the
models. This explains why the effect has not been previously seen. Ty
must be sufficiently high to satisfy the requirement of anotable H,01,,
level population due to the CMB, such that a de-population by the infra-
red radiation field of the starburst will lead to a sufficiently important
decrement to be observablein absorption against the CMB. This limits
observability toz > 4.5 for dust spectral energy distribution shapes and
dust continuumsizes of star-forming galaxies like HFLS3 (Fig. 3c), where
only afew spectraatrest-frame 538 pm with sufficient signal-to-noise
ratio to detect the effect exist. This differs from molecules like H,CO,
for which absorption against the CMB has been predicted to occur at
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Fig.4|Measurements of the CMB temperature as afunction of
redshift>7°2%, a, 10 (black) and 2or.m.s. (grey) uncertainties are shown for
HFLS3andlor.m.s.uncertainties elsewhere. b, Same databut dividing out the
(1+2) redshiftscaling of the CMB expected from ACDM. Previous direct
measurements are from CMB mapping at z= 0 and SZ effect measurements of
galaxy clustersin contrast to the CMB outto z - 1(leftzoom-in panelinb).
Additional measurements are fromultraviolet absorption systems along the
lines of sights to quasars out to z~ 3. The downward (upward) triangles are not
corrected (corrected) for the contribution of collisional excitationinthe
diffuse interstellar medium to the excitation temperature 7., of the tracer
(rightzoom-in panelinb; green dots show an alternative proposed
correction®)?"?”. The separation of these pairs of points for the same sources is
anindication of the systematic uncertainties on top of the statistical
uncertainties indicated by the error bars. The H,0-based measurement of

any redshift up to the present day™, but for which no detections at high
redshift currently exist®. For starbursts with dust as warm as HFLS3,
its relative strength is expected to continue to increase with redshift
allthe way up to z~ 7-8, and to remain observable back to the earliest
epochs when such galaxies existed.

The thermal Sunyaev-Zel'dovich (SZ) effect entails the modification
ofthe thermal distribution of CMB photons by Thomson scattering off
electrons at high temperatures in the intergalactic medium of galaxy
(proto)clusters. The effect observed here requires the CMB photons
to excite the H,O rotational ladder to create a thermal distribution of
thelower energy levels, whichis then modified through the absorption
of far-infrared photons from the starburst radiation field permeat-
ing the interstellar medium. Inboth cases, the CMB is responsible for
establishing unperturbed thermal distributions (of photons and H,0
excitation, respectively), which are then modified by local conditions.
The SZ effectisabroad-band modification of the thermal distribution
of CMB photons via scattering, with an expected signal strength (rela-
tive to the CMB) that is independent of redshift. In contrast, the H,0
absorption signal described herein is a narrow-band (spectral-line)
absorption process of the CMB photons, catalysed (in part) by the CMB
itself, with an absorption-line strength that increases with redshift
owing to the increasing temperature of the CMB, relative to the fixed
excitation temperature of the H,0(1,,-1,,) transition.

Standard ACDM cosmologies predict a linear increase of Ty with
(1+2).However, there are hypothetical physical mechanisms that could
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HFLS3, likethoseuptoz~1,isincontrasttothe CMB, but—asaline
measurement—itis more precise inredshift. Itisnot subject to the same
uncertaintiesin T, astheintermediate redshift measurements, because
collisions canonly decrease (rather than boost) the resulting absorption
strengthinto the CMB for the H,0-based measurement. They are also unlikely
to playanimportantrole due to the high density required to collisionally excite
therelevant H,O lines. Ignoring collisions results in the most conservative
estimate of Ty for HFLS3. The orange shaded region shows a

Tems = Tems(z2=0)*(1 + 2)!#fit to the datain Extended Data Table 1and its
uncertainty (where Teyp(z=0) =2.72548 £ 0.00057 K (ref.”) and

B=(3.45}) x107%), the orange dashedline indicates the 8= 0 case
corresponding to the standard cosmology and the dotted linesindicate a+10%
deviationinl-g.

lead to departures from this linear behaviour, including the evolution
of physical constants™, decaying dark-energy models® and
axion-photon-like coupling processes'®". Direct measurements of Teyp
are, thus, acrucial test of cosmology, but they are currently limited to
z<1,duetothelack of sufficiently precise measurements of the thermal
SZ effectin galaxy clusters at higher redshifts (Fig. 4; see Methods for
further details). A limited sample of additional constraints exists at
z=1.8-3.3based on measurements of T, for the ultraviolet transitions
of CO, [CI]and [ClI]in absorption-line systems along the lines of sight
to quasars. Theselines are not directly observedin contrast tothe CMB,
andthey usethe T, of these lines as a proxy of Ty, such that the result-
ing T\ estimates are subject to model-dependent excitation correc-
tions*>7%, As an example, for the CO molecule, T, typically already
exceeds Ty in the diffuse interstellar medium in the Milky Way due
to collisional excitation, showing a rising excess with increasing CO
optical depth due to photon trapping'®. In contrast, our models suggest
that collisional excitation of H,0 becomes important only at very high
densities, such that H,0-based measurements are probably only min-
imally affected by this effect. The H,0 absorption against the CMB at
z=6.34reported here thus provides the most direct constraint on Ty,
currently available at z> 1. Indeed, the existence of this effect on its
own directly implies that the CMB is warmer than at low redshift,
because Ty must be sufficiently high to notably excite the H,0 1,
level, whichlies 26.7 K above ground, as a basis for the observed decre-
ment due to de-population of this level by the starburst radiation field.
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A combined fit to the available data (Fig. 4) is consistent with the red-
shift scaling expected from ACDM. Fitting for the adiabatic index y in
the equation of state between pressure Pand energy density p for the
sum of baryonic and dark matter and radiation—thatis, P, = (y = 1)pmm
withastandard formalism (see Methods)—we find y =1.328"3:9%% which
agrees with the standard value of y = 4/3 expected in ACDM. At the same
time, we find an effective dark energy equation of state parameter
Wer = Pyo/ pee = -1.011°30 which is consistent with the w=-1expecta-
tion for a dark energy density that does not evolve with time.
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Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

NOEMA observations

The target was observed in the 3-mm wavelength band 1 (rest-frame
400 pm) with NOEMA as part of project S20DA (Principal Investiga-
tors: D. A. Riechers, F. Walter). Three partially overlapping spectral
setups were observed under good weather conditions between
26July 2020 and 25 August 2020 with ten antennas in the most compact
D configuration, using a bandwidth of 7.7 GHz (dual polarization) at
2-MHz spectral resolution per sideband. We also included previously
published’ observations between 6 February 2012 and 31 May 2012 in
the A and D configurations tuned to 110.128 and 113.819 GHz, respec-
tively, and previously unpublished observations between 1 june 2012
and 4 June 2012 and on 10 July 2017 in the D configuration tuned to
78.544 and 101.819 GHz taken as part of projects VOBD, WO058, and
S17CC (Principal Investigator: D. A. Riechers), all using 3.6 GHz of band-
width (dual polarization), yielding 21 observing runs in total. Nearby
radio quasars were used for complex gain, bandpass and absolute
flux calibration. The target was also observed in the 0.87-mm wave-
length band 4 (rest-frame 122 pm) with NOEMA as part of project XOCC
(Principal Investigator: D. A. Riechers). Observations were carried out
duringthree observing runs with sixantennasinthe A and C configura-
tions under good weather conditions between 4 December 2013 and
12March 2015, with the band 4 receivers tuned to 335.5 GHz and using
a bandwidth of 3.6 GHz (dual polarization). Nearby radio quasars
were used for complex gain, bandpass and absolute flux calibration.
The GILDAS package was used for data calibration and imaging.
All 3-mm data were combined to a single visibility cube before imag-
ing.Imaging was carried out with natural baseline weighting. The band
4 data were also imaged with Briggs robust weighting to increase the
spatial resolution. A map of the continuum emission at the frequency
ofthe H,0 line was created by averaging the visibility data over aband-
width of 2.04 GHz centred on the line. This range was chosen to avoid
otherlinesin the bandpass. Continuum emission was subtracted from
the H,0 line cube in the visibility plane. Moment O images of the line
absorption were created before and after continuum subtraction by
integrating the signal over abandwidth of 100 MHz, corresponding to
395 km ™. The resulting r.m.s. noise levels are provided in Extended
DataFig.2. We also make use of previously published’ rest-frame 158-pum
NOEMA data, which were adopted without further modification.

Line and continuum parameters

The flux of the H,0(1,,-1,,) line was extracted by simultaneous Gauss-
ianfitting of the line and continuum emission (including alinear term
for the continuum) in the one-dimensional spectrum shown in Fig. 1,
whichwas extracted from theimage cube. The sourceis unresolved at
the frequency of the H,0(1,,-1,,) line, such that the main uncertainties
are due to the slope of the continuum emission and the appropriate
fitting of other nearby lines, in particular, CO(5-4). The uncertainties
inthese parameters are part of the quoted uncertainties. We find aline
peak flux of -818 + 145 pJy at aline full width half maximum (FWHM) of
507 111 km s™, centred at a frequency of 75.8948 GHz (+46 km s*; the
calibration uncertainties on the line FWHM and centre frequency are
negligible and that on the line peak flux is <10%—that is, minor com-
pared with the measurement uncertainty). Given the rest frequency of
the line of 556.9359877 GHz, this corresponds to a redshift of 6.3383,
whichis consistent with the systemic redshift of HFLS3 (z = 6.3335 and
6.3427 with uncertainties of +14 and +54 km s at Gaussian FWHM
of 243 +39 and 760 + 152 km s, respectively, for the two velocity
components detected in the 158-um [CII] line)®. For comparison, the
H,0(24,-1;;) and H,0(2,,-2,,) emission lines in HFLS3 have FWHM of
805 +129 and 927 + 330 km s, respectively’—that is, only marginally
broader thanthel,,-1, lineat the current measurement uncertainties.
The continuum flux at the line frequency is 396 + 15 py, corresponding
to 48% + 9% of the absorption-line flux (the relative flux calibration

uncertainty between the line and continuum emission is negligible).
We also measured the 335.5-GHz continuum flux by two-dimensional
fitting to the continuum emissionin the visibility plane. We find a flux
0f33.9 + 1.1 mJy, which agrees with previous lower-resolution observa-
tions at the same wavelength’. The major (minor) axis FWHM diameter
of the sourceis 0.617 + 0.074 arcsec (0.37 + 0.20 arcsec). This yields the
physical source size quoted in the main text at the redshift of HFLS3.

Brightness temperature contrast

TheH,0(1,p-1,,) lineleads to adecrementin continuum photons from
thestarburstand, assuch, is observed as alack of continuum emission
atitsfrequency atthe position of the starburst. It therefore appears as
negative fluxin animage where starburst continuum emission has been
subtracted. In addition, (sub)millimetre-wavelength interferometric
images reveal structure against a flat sky background defined by the
large-scale CMB surface brightness, which the interferometer does not
detectitself duetoits limited spatial sampling. Therefore the fraction
of the signal due to the decrement in CMB photons at the position
of the starburst not only appears as negative flux without subtract-
ing any further signal but it also corresponds to a lack of continuum
emission at the line frequency in practice. As the mere presence of an
absorption-line signal stronger than the measured continuum emission
implies absorption against the CMB, this interpretation is not limited
by uncertainties in the galaxy continuum flux or uncertainties in the
absolute flux calibration.

Line-excitation modelling

RADEX s aradiative transfer programto analyse interstellar line spec-
traby calculating the intensities of atomic and molecular lines, assum-
ing statistical equilibrium and considering collisional and radiative
processes, as well as radiation from background sources. Optical depth
effects are treated with an escape probability method®. Studies of
nearby star-forming galaxies show that the observed absorption
strengths of the ground-state H,0 and H,0" transitions are due to cooler
gasthatislocatedin front of, and irradiated by, awarmer background
source that is emitting the infrared continuum light that also excites
the higher-level H,0 emission lines™?. We therefore adopt the same
geometry for the modelling in this work, which is adequately treated
within RADEX (that is, treating the dust continuum plus the CMB as
background fields for the absorbing material)®. The dust continuum
emissionis modelled asagreybody with treating Ty, Bir and the wave-
length where the dust optical depth reaches unity as free-fitting param-
eters for each dust continuum size and T¢y; sampled by the models.
The observed spectral energy distribution of HFLS3, including all lit-
erature’ photometry and the measurements presented in this work, is
then treated as the contrast between the dust continuum and CMB
background fields, such that the resulting fit parameters for the dust
continuum source change with T in aself-consistent manner. In the
RADEX models, we derive the H,0 peak absorption depthinto the CMB.
We then multiply the best matching peak absorption depth found by
RADEX with a Gaussian matched to the fitted line centroid and line
width obtained from the observed line profile in Fig. 2 to determine
the model line profile. In this approach, the shallower absorption in
the line wings either corresponds to a lower filling factor of the H,0
layer at the corresponding velocities or to lower H,0 column densities.
Although collisions of H,0 molecules with H, is another mechanism
that can modify the level populations especially at very high gas
densities (which is an important mechanism for the cooling of
low-excitation-temperature transitions of molecules like H,CO to below
Tews)'>>°, the RADEX models show that they do not affect our findings
(seeFig.3c). We therefore adopt models with essentially no collisions
by assumingavery low gas density of n(H,) =10 cm™. We then compare
our findings to those obtained when adopting conditions that are
similar to those found in local starburst galaxies™ and to those found
for high-density environments with n(H,) > 10° cm™. The cross sections
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for collisions out of the 1, level are always larger than those out of the
1,0 level, independent of the collision partner and the temperature at
which the collisions take place® 3. Therefore collisions cannot be
responsible for an over-proportional de-population of the 1,, level
relative to the 1, ground state, and the net effect of including collisions
is a decrease in the absorption depth into the CMB by reducing the
Tews — Tex temperature difference at very high gas densities compared
with cases without collisions. For reference, the effect of collisions on
the determination of T is negligible for the typical conditions found
in local starbursts (that is, n(H,) ~ 10* cm™; T,;, = 20-180 K)" and only
starts to have an impact for very high densities n(H,) >10°cm™. For a
given continuum source size, the constraints on T,; would therefore
be tighter (that is, would more quickly become inconsistent with the
observations) for the high-density case than for the case without col-
lisions, such that the latter approachis more conservative (see Fig. 3b).
The overall impact of collisional excitation would therefore be more
stringent requirements on the source size, covering fraction and water
column, such that their inclusion would only further strengthen our
conclusions. We note that this is the opposite effect to the case of the
studies of ultraviolet lines>”*2, where neglecting collisional excita-
tionresultsinless conservative constraints on Ty;. If we were to assume
that the H,O absorption were to emerge from within the infrared
continuum-emitting region, a larger source size would probably be
required to obtain the same absorption-line strength due toareduced
effective radiation field strength from the starburst. Previous model-
ling attempts of nearby galaxies assuming such geometries have not
beenableto produce H,0(1,,-1,,) line absorption on the scales neces-
sary to explain the observations of HFLS3, which may indicate that
even more complex assumptions would be required™. Thus, the result-
ing constraints would, once again, be less conservative, perhapsacting
in a similar manner as the high-density case. Excluding both of these
effects from the models leads to amaximally conservative estimate of
Toms and its uncertainties. Assuming a plane-parallel or similar geom-
etry instead of a spherical geometry would only have a minor impact
on our findings®. The models shown in Fig. 3 assume a filling factor of
unity, which is the most conservative possible assumption. A more
clumpy geometry with alower covering fraction remains possible for
all 75 values for which the predicted absorption strength exceeds
the observed value (see shaded regions in Fig. 3b). For reference, the
minimum covering fractions consistent with the continuumsize at the
observed signal strength are shown for the different cases considered
inFig.3. Thelineabsorptionis also found to be optically thick, withan
optical depth of 7,5 = 21.1 for the solution shown in Fig. 2b. To deter-
mine the redshift above which the effect becomes observable (Fig. 3c),
we fixed ripgum, Tauser Bir aNd My, to the observed values and the H,0
column density to the value corresponding to the model spectrum.
H,0 line absorption into the dust continuum of HFLS3 would already
become visible at z> 2.9, but absorption into the CMB only becomes
observable at z> 4.5 (or higher for H, densities of >10° cm™). These
values account for changesin the shape of the dust grey-body spectrum
(thatis, changesin therelative availability of 538-pum and 108-um pho-
tons) dueto changesin T With redshift. To better quantify theimpact
of different modelling parameters, we have varied 7, and B, beyond
their previously estimated uncertainties (nominal reference values
without considering variations in T¢y; from the literature are
Thuse =63.3'34 Kand B, =1.9472:97)5%. This is necessary because both
parameters are dependent on the varying Ty in our models (and there-
fore are changing parametersin Fig. 3b, ¢), such that their true uncer-
tainties need to be re-evaluated. We independently varied B in the
1.6-2.4 range and T, in the +20 K range as functions of T around
the best-fit values. This shows that Sz > 2.0 and T, lower by more than
10 Kfromthebest fitsyield very poor fits to the spectral energy distri-
bution data, whereas Af,; > —0.1below the best-fit value would require
alarger continuumsize than the measured g, + l0and therefore are
disfavoured by the size constraint. Excluding these ranges, the extrema

across this entire range would extend the uncertainty range in the
predicted Ty by only 1.7 and +5.4 K and -0.8 and +4.4 K for the
Togum +10and rygg,, + 20 cases, respectively. For comparison, the dif-
ferencebetweenthe +loand +2o uncertainty rangesis -3.6 and +3.8 K).
This shows that the impact of the uncertainties in the dust spectral
energy distribution fitting parameters onthosein T;; are subdominant
to those in the continuum size measurement. Conversely, we have
studied the impact of changes in T¢y; on the best-fit Ty, and Bz. For
the values corresponding to ripg, + 10and rygg,,, + 20 ranges, Ty, typi-
cally changes by <0.5 K and S typically changes by <0.1-0.2 when
varying the parametersindependently. These changes are larger than
the actual uncertainties, because the fit to the dust spectral energy
distributionbecomesincreasingly poorer with these single-parameter
variations. At the same time, these changes are subdominant to those
induced by changes in dust continuum size within the +1o and +2¢0
uncertainty ranges, which is consistent with our other findings.

Other H,0 transitions in HFLS3

Five H,O lines were previously detected towards HFLS3 (2,,-1,;,
211202, 31521, 312-30; and 3,,-3,,) and two additional lines were tenta-
tively detected (4,5-4, and 4,,-4,;)°. TheJ,, = 3 transitions are due to
ortho-H,0 and all other transitions are due to para-H,0. All of these
transitions appear in emission. Given the high critical densities of
these transitions, our RADEX models cannot reproduce the strength
of these lines as the same time as the observed ortho-H,0(1,,-1,,)
absorption strength, which suggests that they emerge from differ-
ent gas components. For reference, to reproduce the strength of the
H,0(2,,-2,,) inFig.1alonewith collisional excitation, n(H,) =2 x 10’ cm™
and T,;,=200 Kwould be required, but the H,0(1,,-1,;) would no longer
appear in absorption against the CMB if it were to emerge from the
same gas component. This is consistent with the picture that the H,0
absorptionis due to a cold gas component along the line of sight to
the warm gas that gives rise to the emission lines™. Observations of
the para-H,0(1;,-0,,) ground state do not currently exist for HFLS3,
but our models do not show this line in absorption towards the CMB.

Origin of the lower and upper limits on Ty,

Our models show that the lower limit on T at a given redshift based
on the observed H,0 absorption is due to the minimum ‘seed’ level
population due to the CMB black-body radiation field. To determine
aconservative lower limit, we have calculated models with continuum
sizes up to ryg,m = 5 kpc (see Fig. 3b), corresponding toa +7.50 deviation
fromthe observed continuum size, and recorded the temperatures at
which such weakly constrained models turn into absorption. We find
thatthis resultsinalower limit of T, > 7-8 K, independent of the model
assumptions. This finding alone does not explain the existence of an
upper limitin Fig.3b. For agivensize of the dust continuum emission,
anincreasein Ty alsorequires anincrease in My, to still reproduce the
observed dust spectral energy distribution, which leads to an effective
increase in the dust optical depth at a given wavelength. The result of
arisingoptical depthisthatthe grey-body spectrumbetween 538 and
108 pm increasingly resembles a black-body spectrum and, hence, a
decreasein the H,0 absorption against the CMB. This effectisrespon-
sible for the upper limitin allowed T, for agiven dust continuum size
and absorption strength.

Uncertainties of T¢,; measurements

The uncertainties shown for the literature data in Fig. 4 are adopted
from the literature sources without modification, and they typically
represent the statistical uncertainties from the individual measure-
ments or sample averages. Individual cluster measurements of the
thermal SZ effect may be affected by dust associated with foreground
galaxies or the Milky Way, the galaxy clusters or background galax-
ies that may be amplified by gravitational lensing, uncertainties in
the reconstruction of the Compton-y parameter maps due to flux



uncertainties, radio emission due to active galactic nuclei and/or rel-
ics, the kinetic and relativistic SZ effects, and general bandpass and
calibration uncertainties”. Furthermore, uncertainties on the cluster
geometry—and therefore line-of-sight travel distance of the CMB pho-
tons through the cluster—and on the temperature of the intra-cluster
gas limit the precision of individual SZ measurements. Sample aver-
ages may also be affected by systematics in the stacking procedures.
Individual data points deviate by up to at least two standard deviations
fromthe trend, which may indicate residual uncertainties beyond the
statistical error bars provided, such that the error bars shownin Fig. 4
areunderestimated. The main source of uncertainty for the ultraviolet
absorption-line-based measurements are due to the assumption of no
collisional excitation, whichisnot takeninto accountin the statistical
uncertainties shownin Fig. 4. Attempts to take this effectinto account
appear to suggest substantially larger uncertainties than indicated
by individual error bars? (Fig. 4). To expand on earlier estimates?,
we have calculated RADEX models for typical T,;,, n(H) and column
densities found from [CI] measurements in the diffuse interstellar
medium®, which suggests that collisional excitation contributes to the
predicted T, of the lower fine-structure transition. Although we show
the originalunmodified data, the ultraviolet-based measurements are
therefore subject to uncertainties due to model-dependent excitation
corrections in addition to the statistical uncertainties. Furthermore,
the fine-structure levels of tracers like the [CI] lines can be excited by
ultraviolet excitation and following cascades. To constrain T; based
onthese measurements, the kinetic temperature, particle density and
local ultraviolet radiation field must be known, and are typically deter-
mined based on tracers other than the species used to constrain T¢yg.
Also, some measurements are based on spectrally unresolved lines,
which limits the precision of kinetic temperature measurements based
onthermal broadening?. Owing to these uncertainties, the ultraviolet
absorption-line-based measurements are probably consistent with the
standard ACDM value, but they do not constitute a direct measure-
ment of Tz Without notable further assumptions. For reference, the
median T¢/(1+2) estimate based on the [CI] measurements alone
(excluding upper limits) is 3.07 K, with a median absolute deviation
of 0.09 Kand a standard deviation of 0.31 K. Therefore the current
sample median deviates from the ACDM value by about one standard
deviation. A combination of the (uncorrected) measurements based
on CO, [CI] and [CII] provides a median value of 2.84 K, with amedian
absolute deviation of 0.15 K and a standard deviation of 0.25 K. This
highlights the importance of the corrections discussed above and in
the literature and the value of measurements with systematic uncer-
tainties that differ from this method to obtain a more complete pic-
ture. The mainsource of uncertainty of the H,0-based measurements,
beyond the caveats stated in the line-excitation-modelling section,
are the statistical uncertainties on the source size, the lack of a direct
measurement of the absorbing H,0 column density, variations in the
dust mass absorption coefficient and the filling factor. Given the high
metallicity suggested by other molecular line detections, the limita-
tion to high filling factors due to the source size and the constraint on
the gas mass from dynamical mass measurements, the main source of
uncertainty residesin the source size due to limited spatial resolution
inthe current data. As such, major improvements should be possible
by obtaining higher, (sub-)kpcresolution (thatis, <0.2”) imaging with
the Atacama Large Millimeter/submillimeter Array (ALMA; for other
targets) and planned upgrades to NOEMA, and, in the future, with the
Next Generation Very Large Array (ngVLA). Statistical uncertainties
will also be greatly reduced by observing larger samples of massive
star-forming galaxies over the entire redshift range where measure-
ments are possible, closing the gap to SZ-based studies, which are
currently limited to z < 1. The resulting improvement in precision will
provide the constraints thatare necessary to confirm or challenge the
evolution of the CMB temperature with redshift predicted by standard
cosmological models.

Accessibility of the line signal

The frequency range currently covered by NOEMA is 70.4-119.3,
127.0-182.9 and 196.1-276.0 GHz (with greatly reduced sensitivity
above about115and 180 GHzin the first two frequency ranges). ALMA
coversthe 84-500-GHz range with gapsat116-125and 373-385 GHz,
with a future extension down to 65 GHz (with greatly reduced sen-
sitivity below about 67 GHz). The ngVLA is envisioned to cover the
70-116-GHz range. Excluding regions of poor atmospheric transpar-
ency, the H,0(1,,-1,,) lineis therefore observable in these frequency
ranges at redshifts of = 0.1-0.4, 0.5-2.0,2.1-3.4 and 3.8-6.9 in prin-
ciple, butthe detectability of the linein absorption against the CMB
is probably limited to the z - 4.5-6.9 range if the spectral energy
distribution shape of HFLS3 is representative. At lower frequencies,
the Karl G.Jansky Very Large Array and, in the future, ALMA and the
ngVLA also provide access to the <52-GHz range, such that the sig-
nal also becomes observable at z> 9.7 in principle. In conclusion,
the absorption of the ground-state H,O transition against the CMB
identified here could be traced from the ground towards star-forming
galaxies across most of the first approximately 1.5 billion years of
cosmic history.

Detectability of the line signal for different spectral energy
distributionshapes

To investigate whether the effect is expected to be detectable for dif-
ferent galaxy populations, we have applied our modelling tothez=3.9
quasar APM 08279+5255, for which the dust spectral energy distribu-
tion is composed of a dominant 220-K dust component and a weaker
65-K dust component, contributing only 10-15% to the far-infrared
luminosity® ¢, The models suggest that the line is expected to occurin
emission and that it would not be expected to be detectablein absorp-
tionatany redshift out to atleast z=12ingalaxies with similar dust spec-
tral energy distributions. Other far-infrared-luminous, high-redshift,
active galactic nucleus host galaxies typically show a stronger relative
contribution of their lower-temperature dust components, such that
the effect may remain detectablein less extreme cases. For galaxies with
lower dust temperatures than HFLS3, the effect may be presenteven at
lower redshifts, but is typically expected to be weaker in general and
to disappear at redshifts where T¢,;; approaches their Ty,. For a dust
spectral energy distribution shape resembling the central region of the
Milky Way but otherwise similar properties, the effect is expected to
bereduced by more than two orders of magnitude atits redshift peak,
and to become virtually unobservable at the redshift of HFLS3. Thus,
dusty starburst galaxies appear to be some of the best environments
to detect the effect.

Derivation of equation of state parameters

To determine the adiabatic index, we assume a standard Friedmann-
Lemaitre-Robertson-Walker cosmology with zero curvature and a
matter-radiation fluid that follows the standard adiabatic equation
of state quoted in the main text. This would correspond to a redshift
scaling Tewp(2) = Temp(z=0)*(1+ 2)*Y Pinthe presence of adark energy
density that does not scale with redshift. The dark energy density is
parameterized to scale with a power law (1 +2)™, where m =0 corre-
sponds to a cosmological constant. With standard assumptions, this
yields a redshift scaling of Ty (ref. ):

-1
(m=30Q,,0) + m(1+2)" (0, ,-1) vy
(m- 3)'om,O

Ton(2) = Toyp(z=0) 1+ 2)30 7D

and an effective dark energy equation of state P, = w04, Where the
effective equation of state parameter w,, = (m/3) - 1. This fitting func-
tionisused here withacanonical value of Q,, , = 0.315 (ref. *). The uncer-
tainty of Q. , is small compared with all other sources of uncertainty
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and, hence, is neglected. All data used in the fitting are provided in
Extended Data Table 1 (refs. >#¢).

Data availability

The spectral line data and model generated and analysed during this
study as shown in Fig. 2 are linked to this manuscript in spreadsheet
form. Additional versions of the NOEMA datasets (visibilities, images
and spectra) are available from the corresponding author (D.A.R.) on
reasonablerequest. Alldataare also availablein the IRAM Science Data
Archive (isda@iram.fr) under project IDs VOBD, W058, XOCC, S17CC,
and S20DA. Source data are provided with this paper.

Code availability

The RADEX code used for the modelling presented in this work and
showninFig.3isavailable at https://home.strw.leidenuniv.nl/~-moldata/
radex.html.
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Extended DataFig.1| Combined effect of CMB absorptionand starburst
radiation field on the strength of the H,0(1,,-1,,) linein HFLS3. Top, the cold
H,0 vapouris exposed to the CMB radiation field*, which has the shape of a
black-body function (T¢y; =20.0 Kat z= 6.34), and the starburst infrared
radiation field, which has the shape of agrey-body function (7, = 63 K).
NOEMA observed the signalin contrast to the CMB and therefore detects only
the dustemission from the starburst and the H,0 line, but not the CMB itself
(which therefore fills the region below zero flux density, as seen by the
telescope). Bottom left, as the energy-level difference for the H,0(1,,-1,) line is
only26.7K, there are sufficient CMB photons at z= 6.34 to thermalize the level
populationbetweenbothlevels, such that T, is the same as Tz in equilibrium.
Therefore no H,0 emission or absorption willbe observed, despite the
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presence ofa‘seed’ populationinthe upper level. Bottomright, the radiation
field of the starburst alters the level populations towardsincreased
higher-level populations. Owingto the grey-body shape of its spectral energy
distribution, more photons are available at 108 pmtoincrease the 2,, level
population fromthel,,state than there are 538-pum photons available to
increase the1,,level population fromthe 1, state, relative to the ‘seed’
population provided by the absorption of CMB photons. Therefore the relative
populationofthel,,and 1, levelsis lower thaninthermal equilibrium, such that
theresulting T, is lower than Ty;. Asaresult, the H,0(1,,-1,,) lineis observed in
absorption towards the CMB due to the negative temperature contrast—as
observed towards HFLS3.
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Extended DataFig.2|H,0line emissionintegrated moment 0 and
continuum maps of HFLS3. a-c, H,0 contour maps (blue) before (b) and after
(c) continuum subtraction, and local continuum (a, green contours) at the
wavelength of the H,0 line, overlaid on the 158-pm continuum (intensity
scale)®. H,0 emissionisintegrated over the central 395 km s (100 MHz).
d-e,Rest-frame 122-pm continuum emission (orange contours and intensity
scale) as a proxy for the 108-pm continuum size, showing the full emission

(d), and the compact nuclear region that accounts for two-thirds of the
emission at higher resolution (e), overlaid with158-pm contours (red) for
orientation. f, Radially averaged visibility amplitude as afunction of
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interferometer baseline length for the dataind and e. The radial profile of the
visibility amplitude (binned to 50-msteps, with1loerror bars) shows that the
122-pm dust emissionis clearly resolved. Observed-frame 538-pm continuum
contours (a) areshowninsteps of 16=22.5 pJy beam™, starting at +30. H,0
contours (b, c) areshowninstepsoflo=0.0375)y kms™ beam™, startingat +20.
Contoursof122 um(d, e) are shown in steps of +/~-100and +/-50, where 1o = 229
and 374 pJy beam™, respectively. Contours of 158 pm (d, e) are shown in steps of
30,startingat+50, wherelo =400 pJy beam™ (all uncertainties arer.m.s.).
Negative intensity contours are dashed.



Extended Data Table 1| Summary of T.yz(z) measurements

Name Redshift Method* Tems(2) [K]F Teme(2)/(1+2) [K]
COBE/FIRASI" 0. CMB 2.72548 + 0.00057
Planck clusters!'”] 0.037 N=43, tSZ 2.888+0.039+0.011 2.78+0.04+0.01
(dz=0.05 stacks) 0.072 N=125 2.931+£0.017+0.011 2.73+0.02+0.01
0.125 N=92 3.059+0.03240.012  2.72+0.03+0.01
0.171 N=104 3.197+0.0304£0.012  2.73+0.03+0.01
0.220 N=95 3.288+0.032+0.013  2.70+0.03+0.01
0.273 N=87 3.416+0.038+0.013  2.68+0.03+0.01
0.322 N=81 3.562+0.050+0.014  2.69+0.04+0.01
0.377 N=50 3.717+0.063+0.014  2.70+0.05+0.01
0.428 N=45 3.971+0.071£0.015  2.78+0.05+0.01
0.471 N=26 3.943+0.112+0.015  2.68+0.08+0.01
0.525 N=20 4.380+0.119+0.016  2.87+0.08+0.01
0.565 N=18 4.075+0.156+0.016  2.60+0.10+0.01
0.619 N=12 4.404+0.194+0.016  2.72+0.12+0.01
0.676 N=6 4.779+0.278+0.017  2.85+0.17+0.01
0.718 N=7 4.933+0.371+0.017  2.87+0.22+0.01
0.783 N=2 4.515+0.621+0.018  2.53+0.35+0.01
0.870 N=1 5.356+0.617+0.019  2.86+0.33+0.01
0.972 N=1 5.813£1.025+0.020 2.95+0.52+0.01
Planck clusters!25! 0.042 N=32, tSZ 2.856+0.018 2.741+0.017
(dz=0.05 stacks) 0.077 N=186 2.953+0.021 2.742+0.019
0.123 N=114 3.072+0.026 2.736+0.023
0.169 N=83 3.162+0.020 2.70510.017
0.222 N=46 3.326+0.015 2.722+0.012
0.274 N=20 3.495+0.016 2.743+0.013
SPT clustersl?4 0.129 tSz 3.01%014 4 2.67%01249
0.265 3.44%016 543 2.72*013 549
0.371 3.53*018 544 257013449
0.416 3.82%019 15 2.70%0-13 9 44
0.447 4.09*025 4 49 283017413
0.499 4.16*027 59 278018443
0.590 4.62*0-36 55 2.91%023 5 45
0.628 4.45%031 93 273019544
0.681 4.72%039 457 2817023 5 46
0.742 5.01%049 533 2.88%0-28 549
0.887 4.97%024 449 2.63*013 919
1.022 5.37%022 18 26601509
J085726+18552423] 1.7293 Tex(CO) 7.5*18,, 2.75%059 544
uf27] Tex(CO)e0T 6.516.4, 2.384059 4
“[3] Tex(co)corr 7.9*1 ]_1 4 2.89*0'62-0.51
J104705+205734/231 1.7738 Tex(CO) 7.8%07 46 2.81%025 5,
w21] Te(COY®™  6.8%08,; 2.45%029 5
“Bl Tex(CO)eo™ 6.6%12.14 2.38*043 549
Q1331+1701"9:36] 1.7765 Tex(Cl) 7240848 2.59%029 59
Q0013-0041201 1.9731 Tex(Cl) 7.9%10,4, 2.66*0-34 934
J170542+3543401231 2.0377 Tex(CO) 8.6""1.10 2.83%0:36 53
“27] Tex(CO)eo™ 7.6%12.44 2.50%040 36
“@3] Tex(CO)®°™  8.6%19.44 2.83%063 g 45
B1444+0126%73 2.0870 Tex(Cl)m <10.5 <3.4
PKS1232+0815[21 2.3371 Tex(Cl)™m 10%44 3.0"24,
u383) To(Cho™  <9.4 <28
J143912+11174089 2.4184 Tex(CO) 9.2*07 47 2.69%0-20 559
“27] Tex(CO)eo™ 7.9*08 44 2.31%028 55
“B Tex(CO)o™ 9.0*08 47 2.63%023 54
) To(C)®" <137 <40
J1513+03521403] 2.4636 Tex(Cl)em <12 <3.5
J000015+0048331281 2.5255 Tex(CO) 9.6'07 06 27240204 47
w27) To(COYor 73408, 2.074023 9.
“@1.3] Tex(CO)®°™  9.8*07 46 2.78%0-20 547
“3] Tex(Cl)®r 11.1*1556 3.15%043 49
J0812+32084 26263  Ta(Ch)™ 108455 2.98"939 g
J123714+06475949 26896  T.(CO)  10.5*%; 2.85%9%2.5
«[27] Tex(CO)™T 9.2+09,, 2.49+024 o 1o
“B3] Tex(CO)o™ 10.4*08,, 2.82%022 49
) To(C®" <138 <37
J0843+02211443] 2.7866 Tex(Cl)™m <16 <4.2
Q0347-381922 3.025 Tex(CIl) 12.1*173, 3.01%042 559
J2100-06411531 3.0915 Tex(Cl)™m 12.9%3345 3.15%081,
J0816+1446146:31 3.2874 Tex(Cl)™m 15.2*104, 3.55%023 4,
HFLS3 6.3369 H.0 16.4-30.2 2.24-4.12

*CMB, measured from the cosmic microwave background; H,0, water-based method introduced here; N, number of clusters contributing to the stacked measurements; T, indirect measure-
ment based on the excitation temperature of CO, [CI] or [CII] of ultraviolet absorption lines along the lines of sight to background quasars, with model-based excitation corrections applied
where indicated (different values indicate model corrections from different authors to the same data); tSZ, measured from the thermal Sunyaev-Zel'dovich effect in galaxy clusters.

'Where provided, the second set of error bars indicates systematic uncertainties. Other error bars correspond to statistical uncertainties.
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