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W Check for updates

The microphysics of molecular hydrogen formation has aninfluence on
galactic-scale star-formation rates over cosmic time. H, is the cooling
agentneeded toinitiate the cloud collapse regulating the star-formation

efficiency. H, formation is inefficient in the gas phase under typical
interstellar conditions, requiring dust grain surfaces to act as catalysts.
Small carbonaceous grains with sizes from roughly 4 to 100-200 A,
including polycyclic aromatic hydrocarbons (PAHs), have been shown
toincrease the H, formationrates due to their large surface-to-volume
ratios. H, formation rates on PAHs were previously thought toreduce
above temperatures of 50 K and H atom recombination was believed to be
highly efficient only below 20 K. Until now, both laboratory experiments
and theoretical modelling have suggested that H, cannot form on grains
with temperatures above 100 K. Here we report evidence, through direct
laboratory measurements, of the highly efficient formation of H, at
temperatures up to 250 K on carbonaceous surfaces mimicking interstellar
dust. By pushing their formation towards warmer temperatures, the H,
molecules could start contributing substantially to the cooling of warmer
gas (temperatures of roughly 50-250 K). This will have amarked impact on
our understanding of H, formation in nearby galaxies and its efficiency in
high-redshift galaxies where the Cosmic Microwave Background already
pushes dust temperatures to more than 20 K.

Molecular hydrogen H, is the smallest, simplest but most abundant of
the molecules in the Universe, its abundance (1) shapes the molecu-
lar phases of the interstellar medium (ISM) where stars are formed
because its self-shielding from the interstellar radiation’ controls the
extent of the photodissociation regions H, (ref. %), and (2) regulates
the star-formation efficiency through the effect of H, and the sub-
sequent molecules formed, cooling lines on the ISM cooling func-
tion for gas temperature T<10*K (refs. *>*). Molecular hydrogen has
three major routes of formation: (1) the H route (H+ H" > H," + hv,
H,"+H > H, + H"), which dominates for redshifts z of roughly 400,
(2)theH route (H+e > H + hv,H +H > H,+e"), which dominates for

azofroughly100 and (3) the grain surface catalytic route (H + H + sur-
face > H, + surface), which dominatesin the local Universe (z= 0). The
two gas phase routes dominate in the primordial gas of the Early Uni-
verse and, although inefficient, they play amain role in the formation
ofthe first stars (population Ill stars).

The dominant H, formation route depends on the presence of
dust grains, and hence on the metallicity and the dust temperature.
H, formation on dust grains can also dominate at redshift 6-7, after
the formation of the first stars and the enrichment of the ISM with
metals and dust grains>®. Our present study focuses on this third and
major route. The process of H, formation oninterstellar grains can be
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Fig.1| Experimental setup and protocol. Comparison between M4 (D,, m/z4)

signals by using coronene (black line, ;=250 K) and c-ASW (light blue line,
T,=100 K) as surfaces (left); four schematic configurations of FORMOLISM
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including position and role of the flag, position of the QMS associated to the four
divisions of the signal shown on the left (right). The green lines show the values of
therecombination efficiencies (¢).

summarized in three steps. The first consists of the sticking of atoms
from the gas phase on the grain surfaces, the second relates to the
diffusion and reactivity of the atoms on the surface and the third to
the return of the molecule to the gas phase. The most critical step is
the second one, as, depending on the temperature of the grain, the
atoms already adsorbed can desorb before a new atom arrives, mak-
ing the recombination impossible. This is why on a water ice surface,
forexample, as the binding energy of physisorbed His low (residence
time of H short for rising temperature), the recombination efficiency
decreases abruptly beyond 12-15 K (ref.”). The same has been observed
for silicate surfaces®. The range is wider for graphite or amorphous
carbon surfaces’ but, overall, if the atoms cannot chemisorb (that is,
make a covalent bond with the surface), the formation efficiency can
no longer be important beyond 20 K, due to the fast desorption of H.
Onanaliphatic carbon surface, HD recombination has been reported
at higher temperatures but with low cross sections™. If the atoms can
chemisorb, then Cazaux et al." estimated that H, formation ought to
reduce above 50 K and slowly decrease to zero at 150 K. Many studies
on H sticking, diffusion and recombination on different surfaces have
been performed and are collected in the review article by Wakelam
et al.'>. However, none has performed a direct measurement of the
recombination efficiency at temperatures above 20 K.

Astrophysicalimportance

Dust grains at high redshift are probably partly in the form of very small
graphitic grains (PAHs). In fact, both in the nearby and high-redshift
Universe, one can see evidence for the PAH mass fraction correlates
with metallicity”'* due to harder and more intense radiation fields
in low-metallicity galaxies. Given the high dust masses in several
high-redshift galaxies, rather high metallicities are expected. Indeed,
both observations and models suggest that the metallicity can already
bearound20% of the solar value™'®, which would still allow for sufficient
PAHs to be present in these high-z galaxies. Recent ALMA (Atacama
large millimetre/submillimetre array) observations have demonstrated
the presence of large quantities of dust already at redshifts of roughly
z=6-9 (refs.”"; Spilker,].S. et al., unpublished manuscript); itis likely
that H, formation on dust grains is already the dominant mechanism
in those galaxies. Theoretical models predict dust temperatures in
high-redshift giant molecular clouds above 60 K (ref.>°), while estimates
from observational studies range between 40 and 80 K (refs. ). The
fact that star formation is efficient in these galaxies suggests that H,
formation must also be efficient at those temperatures to enable high
levels of star-formation activity. The experimental results reportedin

this paper have the potential to revolutionize our understanding of the
formation of the first generations of stars at high redshift. The high H,
formation rate estimated from the observation of photodissociation
region (PDR) has been proposed to be due to the catalytic effect of PAH*
andits propensity to do chemisorption hasbeen calculated”. There are
several studiesin theliterature highlighting that the presence of small
carbonaceousgrains, with large surface-to-volumeratiosin comparison
tolarge grains, increases the H, formation rates”**, Direct experimen-
tal results supporting the hypothesis of PAHs as active catalysts for
H, formation under interstellar conditions have so far been lacking.
This study provides a breakthrough in experimental insights and will
finally enable an estimation of the contribution of PAHs to interstellar
H, formation at higher temperatures until now not considered.

Experimental protocol and results

Figure 1shows the protocol we use to measure the recombination effi-
ciency of D into D,, for a given surface and temperature. The experi-
mentsare carried out with the FORMOLISM (formation of moleculesin
theinterstellar medium) setup: an ultra-high vacuum (UHV) chamber
hostingacoppersample holder, connected to acryostat,inwhich the
coronene film surface is deposited. The beamline containing D, aims
towards the surface where the temperature-dependent results reported
inthis paper are measured. The detectionis made by aquadrupole mass
spectrometer (QMS). More details about the specifics of the setup used
can be found in the Methods section.

For the recombination efficiency experiments, the QMS s placed
in front of the surface and mostly measures what is coming off the
surface (plus some unavoidable background contribution from the
wall of the chamber). The beam, dissociated (1, 2) or not (3, 4), can
be intercepted by the flag (1, 4) (Fig. 1). In this way, we can subtract
the contribution of the chamber. The black curve on the left panel
is the measurement of the M4 (m/z =4 corresponding to D,) using a
coronene film held at 250 K as a surface, whereas the blue curve is for
an amorphous compact solid water ice film (c-ASW) of 30 layers of
thickness deposited on the sample holder at 100 K. The ice film has
been deposited to validate our protocol and to prove the differencein
results with respect towhen coronene is used as asurface. For the blue
curve, we observe no increase of the M4 when the dissociated beamis
aimed at the surface. Theincrease between steps1and 2isonly dueto
the undissociated part ofthe beam. On the contrary, we observe aclear
increase of the signal when the coronene filmis used (black curve). This
isdirectevidence that, in the case of coronene films, D, molecules are
formed and readily desorb to be detected by the QMS. In the case of

Nature Astronomy | Volume 7 | May 2023 | 541-545

542


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-023-01902-4

55

50 - ® TPDED

5 45% & A DED

40 -

35 - o - ~
T 30%¢

30 +

= ] s | .

D, recombination rate percentage on coronene

0 T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 260

T(K)

Fig. 2| Recombination efficiency (¢) of D, on coronene. Temperature-
dependent percentage recombination efficiency (¢) of D, on coronene. Circles
denote temperature-programmed DED experiments; triangles show DED
isothermal experiments. Data are presented as mean values + s.e.m. (1 - sigma
error), in which the error bars are derived from each component of the equation
of . Those components are each the average of the signal recorded at a specific
temperature for that setup configuration (flag on (BKG) or off, plasma on

or off), each providing a different sample size (n number) depending onits
detection time.

water ice, asexpected, the contribution of D, formationis measured as
negligible, which demonstrates the robustness of the protocol. From
this graph, and accounting for the dissociation efficiency, we can cal-
culate the efficiency of D + D recombination mediated by the surface
ata given temperature. As the total signal of M4 detected when the
plasmais onis equal to the background signal plus the undissociated
part of the beam and the signal from recombination, the efficiency (&)
istherefore expressed as follows:

E= (M4plasma on_BKGplasma on)_(M4p|asma off — BKGplasma off) X (1 - T)

where M4 ,,u00n ~ BKGjasmaon IS the total signal detected with the QMS
whenthe plasmais ON after background (BKG) subtraction; (M4 j,smaofr
= BKGyjsmar) % (1 1) is the part of the signal coming from the undissoci-
ated molecules and where Trepresents the dissociation efficiency (%)
measured before and after each experiment (see the Supplementary
Information for the details of its calculation). € is normalized to the
signal of m/z =4 detected when the plasma was off subtracted fromits
background (M4,sma ot ~ BKGjasmaorr)- € COrresponds to the probability
of an atom impinging the surface to recombine and be detected as a
molecule, itincludes all steps of accretion, diffusion and reaction. The
definition of recombination efficiency can therefore differ depending
on the inclusion of those steps. In Cazaux and Spaans’, the quantity
displayed does not include the accretion (that is, sticking) phase.
Figure 2 displays the variation of € with the surface temperature.
The points at temperature above 100 K have been performed at a
fixed temperature, whereas the points below have been measured on
the fly, using the temperature-programmed during exposure desorp-
tion (DED) technique witha1 K min™ramp?”. The error bars have been
estimated by adding all sources of uncertainties, including the most
extreme fluctuations of the dissociation efficiency that makes the
biggest contribution in the uncertainty. We observe a plateau above
100K, at around 20%, a higher value at around 30% between 30 and
80K, two extreme values around 20 K and a sharp decrease at 10 K.
Thereduction of efficiency at 10 K is due to the presence of adsorbed

molecules. The presence of pre-adsorbed molecules reduces the direct
contribution of formed molecules, as similarly observed on water ice
films®®. The overall efficiency of the recombination depends on differ-
ent competing mechanisms. The sticking or accretionis not supposed
to be very dependent on the surface temperature in this range® and
it should be around 0.5, which is in line with our upper value of ¢. This
is due to the corrugated nature of our coronene, contrarily to when
graphite is used as substrate, where coronene forms an uniform and
flat film. The desorption of atoms s increasing exponentially with the
temperature, and should become adominantloss channel. For a typical
binding energy of 45 meV, the residence time is hundred picoseconds
at 60 K, therefore, the only chance for an atom to recombine is to be
incorporatedinachemisorptionsite. Fortunately, C-H termination of
PAH can procure such chemisorptionsites. This was first proposed and
calculated by Rauls and Hornekaer”, and the inclusion of D atoms to
coronene has been experimentally demonstrated later*’. Mennella™
has also shown that the aliphatic group could also have a similar cata-
lytic role, despite its lower cross section. The plateau at around 20%
for temperatures greater than 80-100 K is therefore the probability
of aD atomto react with an extra D atom already chemisorbed on the
surface or to find a defaultsite in the coronene film. We note here that
there should be a barrier for the first hydrogenation, but that has no
realimportancein steady state conditions such asin our experimental
protocol. The results were found constant after an exposition of afew
10" atoms per cm?, which correspond to a film of coronene just slightly
superhydrogenated®. When the surface temperature is reduced, the
Dresidence time onthe surfaceincreases exponentially, and the phys-
isorption-chemisorption transfer is probably favoured. The maximum
isobtained for a surface slightly higher than20 K where the surface is
still free of D,molecules that could have adsorbed. Below this tempera-
ture, D, molecule coverage increases and may prevent D atoms from
accessing reactive sites/partners, simply by reducing their accretion
rate on the surface. This must be studied in better detail in forthcom-
ing experiments. Considering that small carbonaceous grains make a
dominant contribution to the total grain surface and have numerous
chemically bonded hydrogen atoms, we demonstrate that they play a
key role in H, formation by chemisorption. Our study shows that the
H, formation pathway on surfaces can be much more efficient than
previously estimated, and over an extended range of temperatures.

Astrophysical implications

As soon as carbonaceous dust appears, the cooling capacity of the
ISM increases sharply, and thus its condensation in pre-stellar cores.
Our work on molecular hydrogen surface formation involving chem-
isorption on carbon surface at temperatures around 100-200 K is of
primeimportanceinastrophysics. It willchange the location of the H/
H, photodissociation front and the respective size of Hll regions, PDR
and molecular regions in a classical PDR picture?. Our results may fur-
thermore explain the under-prediction of observed H, column densities
by models® and the shift of the H/H, transition closer to the ionization
frontin resolved PDRs*. Additionally, our work brings one possibility to
solve the contradiction between the possible discovery of James Webb
telescope ultra-high-redshift galaxies on one hand®, and on the other,
the redshift limit above which stars could not have formed, obtained
by crossing the efficiency of H, formation against dust temperature
and the dust temperature dependence against the redshift*** ¢ with
aminimum temperature ultimately defined by the CMB. The warmer
CMB of high-redshift galaxiesis observed in the (sub-)millimetre dust
continuum and the line emission as it provides an additional source
of heating®?®,

Correctly accounting for molecular hydrogen formation over
cosmic times is a key ingredient to interpreting the James Webb tel-
escope observations not only in the local Universe, for the H, lines in
nearby galaxies, but also for atomic and molecular emission lines of
high-redshift galaxies in general.
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Methods

The experiments were performed on the FORMOLISM experimental
setup described in more detail in Congiu et al.”. Briefly, the appara-
tus is composed of an UHV stainless steel chamber with a base pres-
sure of a few 10 hPa (1 hPa =1 mbar). The sample holder is made of
al-cm-diameter copper block, thermally connected to a cold finger
of a closed-cycle He cryostat and located in the centre of the main
chamber. Afew layers of coronene (C,,H,,) are deposited on the sample
holder held at 280 K from amovable crucible placed at 3 cm fromit. The
coronene film is a corrugated surface, probably made of disordered
stack or small clusters of coronene, mimicking dust particles with
surface defects.

A beam of D atoms is aimed at the surface through a triple stage
of differential pumping. A D isotope is used instead of H, because H,
is the major contaminant of any UHV system and will give a better
signal-to-noiseratio. When the beamis aimed at the surface, the overall
pressureinthe main chamber only rises by 1x107™ hPa, and the partial
pressuredirectlyinthe beam at the surfaceis estimated to be roughly
2x1078 hPa. In such conditions, D atoms land on a surface adsorption
site roughly every 100 s. The atoms are produced from a plasma dis-
charge, but the D, dissociation efficiency is not perfect. The atoms are
at a temperature slightly above the room temperature (<350 K) and
approach fromthesurfaceatanangle of40°, thus reducing their kinetic
energy perpendicular to the surface. The detection tool of this setup
is a QMS that can be rotated to be placed in front of the beams or the
surface depending on the type of the experiments. Inour experimental
methodology, there are afew important points to stress before going
into their technical details.

Toinfer the efficiency for the atoms to scan the surface and recom-
bine to form molecules, it is indeed extremely crucial to calculate the
amount of them produced by our system when the plasmais switched
on (when off, only D, reaches the surface) and the level of the back-
ground partial pressure presentinthe chamber. Those determinations
will help in assessing the amount of D, molecules due to the recom-
bination of the atoms reaching the surface and to exclude any effect
coming from a change of the background signal during experiments.
Supplementary Fig.1shows the protocol followed to estimate the ratio
of D,and D inagiven experiment.

Data availability

Metadata have been created on our laboratory platform to make sure
thatanonline version of each set of datais always available and reach-
ableby each member ofthe laboratory group, or researchers working
on the project. Files are automatically released after 3 years from the
uploading date. The data that support the findings of this study are
available from the corresponding author upon reasonable request.
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