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Supermassive black holes at high redshift are expected to be obscured by their massive host galaxies' interstellar medium
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We combine results from deep ALMA observations of massive (M * > 10 10 M ) galaxies at different redshifts to show that the column density of their interstellar medium (ISM) rapidly increases toward early cosmic epochs. Our analysis includes objects from the ASPECS and ALPINE large programs, as well as individual observations of z ∼ 6 quasar hosts. When accounting for non-detections and correcting for selection effects, we find that the median surface density of the ISM of the massive galaxy population evolves as ∼(1 + z) 3.3 . This means that the ISM column density toward the nucleus of a z > 3 galaxy is typically >100 times larger than locally, and it may reach values as high as Compton-thick at z 6. Remarkably, the median ISM column density is on the same order of what is measured from X-ray observations of large active galactic nucleus (AGN) samples already at z 2. We have developed a simple analytic model for the spatial distribution of ISM clouds within galaxies, and estimate the total covering factor toward active nuclei when obscuration by ISM clouds on the host scale is added to that of parsec-scale circumnuclear material (the so-called torus). The model includes clouds with a distribution of sizes, masses, and surface densities, and also allows for an evolution of the characteristic cloud surface density with redshift, Σ c, * ∝ (1 + z) γ . We show that, for γ = 2, such a model successfully reproduces the increase in the obscured AGN fraction with redshift that is commonly observed in deep X-ray surveys, both when different absorption thresholds and AGN luminosities are considered. Our results suggest that 80-90% of supermassive black holes in the early Universe (z > 6-8) are hidden to our view, primarily by the ISM in their hosts. We finally discuss the implications of our results and how they can be tested observationally with current and forthcoming facilities (e.g., VLT, E-ELT, ALMA, and JWST) and with next-generation X-ray imaging satellites. By extrapolating the observed X-ray nebulae around local AGN to the environments of supermassive black holes at high redshifts, we find 1 nebulae impose stringent design constraints on the spatial resolution of any future X-ray imaging Great Observatory in the coming decades.

Introduction

Deep X-ray observations of the Universe have shown that most supermassive black holes (SMBHs) at galaxy centers grow hidden by dust and gas (see, e.g., Hickox & Alexander 2018 for a review) and that the incidence of obscuration in active galactic nuclei (AGN) strongly increases with redshift (La Franca et al. 2005;Treister & Urry 2006;Liu et al. 2017;Lanzuisi et al. 2018;Vito et al. 2018;Iwasawa et al. 2020). This is especially true for intrinsically luminous systems, as the fraction of quasars (QSOs) with L bol 10 45 erg s -1 (L X > 10 44 erg s -1 ) that are obscured by hydrogen column densities of N H > 10 23 cm -2 rises from 10-20% in the local Universe to ∼80% at z ∼ 4, when the Universe was only 1.5 Gyr old (Vito et al. 2018). The origin of this trend is not yet understood.

Indirect arguments suggest that the observed increase may not be linked to the incidence of small-scale obscuration at different cosmic epochs, that is, in the physical and geometric properties of the circumnuclear medium surrounding the nucleus that is often associated with the torus of dusty gas postulated by the unified models (see Netzer 2015 andRamos Almeida &Ricci 2017 for recent reviews). Remarkably, the broadband spectral energy distributions (SEDs) of UV-bright QSOs look the same across cosmic time (Richards et al. 2006;Leipski et al. 2014;Bianchini et al. 2019). These SEDs include a prominent rest-frame near-IR bump produced by dust heated to T ∼ 1000-1500 K by the QSO UV radiation field and distributed on a-few-parsec scales around the nucleus (Netzer 2015). The QSO near-IR to UV luminosity ratio is a measure of the dust covering factor, which is on the order of 30-50% (Lusso et al. 2013). The self-similarity of QSO SEDs across cosmic time suggests that this ratio is constant with redshift, and so consequently is the covering factor of the circumnuclear dusty gas.

Other arguments suggest instead that the increased obscuration with redshift might occur on the host galaxy scale ( kpc). The physical properties of the interstellar medium (ISM) in galaxies change rapidly with cosmic time. Empirical trends are being measured in several samples of star-forming galaxies spanning a broad redshift range, where the amount of cold gas, which contains most of the ISM mass, is seen to rapidly grow toward early cosmic time (Scoville et al. 2017;Tacconi et al. 2018;Aravena et al. 2020), possibly as fast as M gas ∼ (1 + z) 2 (Scoville et al. 2017). At the same time, galaxies have been observed to become progressively smaller at high redshifts, with typical size decreasing as r ∼ (1 + z) -1 (Allen et al. 2017). It then seems unavoidable that the ISM density rapidly grows toward early cosmic epochs, possibly as fast as ρ gas ∼ M gas /r 3 ∼ (1 + z) 5 . Similarly, the column density of the ISM, N H,gas ∼ M gas /r 2 , may grow as fast as ∼(1 + z) 4 , reaching values of 10 23 cm -2 or even Compton-thick (N H > 1/σ T ∼ 1.5 × 10 24 cm -2 , where σ T is the Thomson cross section) in the distant Universe, where large, M gas ∼ 10 10 M ISM reservoirs have been observed in compact galaxies of characteristic size 1-2 kpc (see, e.g., Hodge & da Cunha 2020 for a recent review on distant, star-forming galaxies). In massive galaxies, the ISM is metal-rich (Lequeux et al. 1979;Tremonti et al. 2004;Maiolino et al. 2008), and such column densities would absorb the X-ray nuclear radiation very effectively, adding to the obscuration produced by the small-scale circumnuclear medium. By using Atacama Large Millimeter Array (ALMA) observations of a z = 4.75 Compton-thick QSO in the Chandra deep field south (CDFS), Gilli et al. (2014) find the ISM column density measured in this source to be comparable with the absorption to the nucleus measured from the X-ray spectrum. The same analysis was then expanded to a small sample of distant, obscured AGN in the redshift range z ∼ 2.5-4.7 by Circosta et al. (2019) andD'Amato et al. (2020), who also find a good correspondence between the level of nuclear absorption measured in the X-rays (∼10 23-24 cm -2 ) and the ISM column density measured through ALMA data.

Numerical simulations also suggest that the ISM column density in distant galaxies is substantial (Trebitsch et al. 2019;Ni et al. 2020;Lupi et al. 2022). For example, Ni et al. (2020) find that, in the early Universe, z > 7, the ISM column density and covering factor of galaxy nuclei are so large that 99% of early SMBHs in their simulated galaxies grow hidden by gas column densities of N H > 10 23 cm -2 . This work focuses on galaxies with stellar masses M * > 10 10 M , as: (i) they are the hosts of active SMBHs detectable in deep X-ray surveys up to the highest redshifts (Lanzuisi et al. 2017;Yang et al. 2017), and (ii) despite the overall decrease in galaxy metallicity with redshift, in such massive systems the ISM metallicity remains close to solar even at z ∼ 2 (Maiolino et al. 2008;Maiolino & Mannucci 2019) and drops to only 0.5× solar at z > 4 according to simulations (Torrey et al. 2019). We recall that, in the literature, solar metallicities and abundances are usually assumed to convert the column density of metals estimated through X-ray spectroscopy of large AGN samples into a total gas (hydrogen) column density (Tozzi et al. 2006;Lanzuisi et al. 2017;Liu et al. 2017;Vito et al. 2018). In massive galaxies, the comparison between the ISM-based and Xray-based column densities is then fair. We use sensitive ALMA observations to determine the column density toward the nuclei of galaxies in samples at different redshifts. We then derive the cosmological evolution of the average ISM column density toward galaxy nuclei and of the fraction of ISM-obscured AGN, and compare with observations from deep X-ray surveys.

The paper is organized as follows. In Sect. 2 we present the ALMA galaxy samples used in this work. In Sect. 3 we describe the methodology adopted to derive gas masses and sizes for the galaxies in our samples. In Sect. 4 we work out a simple model to estimate the ISM column density toward galaxies' nuclei and to quantify the cosmic evolution of the ISM-obscured AGN fractions. In Sect. 5 we present our main results on the cosmic evolution of the ISM column density. In Sect. 6 we discuss our findings, add the contribution of a small-scale torus to our ISM obscuration model, and compare our results with the fractions of obscured AGN observed in different X-ray samples. We also compare our findings with expectations from numerical simulations and finally present some possible observational diagnostics to test the proposed ISM-obscuration scenario. We draw our conclusions in Sect. 7. We also note in Sects. 6 and 7 significant design constraints on future X-ray imaging Great Observatories that are consequences of this work.

A concordance cosmology with H 0 = 70 km s -1 Mpc -1 , Ω m = 0.3, and Ω Λ = 0.7, in agreement within the errors with the Planck 2015 results (Planck Collaboration XIII 2016), is used throughout this paper. All stellar masses in the considered galaxy samples were originally computed using the Chabrier (2003) initial mass function (IMF).

Galaxy samples

We searched for samples of galaxies with M * > 10 10 M featuring deep ALMA far-infrared (FIR)/millimeter observations. We require a continuum root mean square (rms) smaller than a few tens of µJy in band 6 or 7 (∼1.2 mm and ∼850 µm, respectively). These bands are commonly used for dust observations as they maximize the ALMA observing efficiency by targeting wavelengths close to the redshifted FIR SED peak of distant galaxies. The required rms allows us to probe dust masses down to ≈10 7 M at all redshifts (see Fig. 1), corresponding to ISM masses down to a few ×10 9 M (see next sections), and to detect >50% of massive galaxies. A large FIR/millimeter detection rate is indeed key to perform any reliable correction for those systems missed by ALMA, likely poorer in gas, and hence to derive a sensible value for the average ISM density of the entire massive galaxy population. For objects at z > 4, the [C ii]157.74 µm fine structure emission line is redshifted at 800 µm, where the atmosphere is relatively transparent and allows effective observations with ALMA. As the [C ii] line is a major coolant for cold (T 300 K) gas (Wolfire et al. 2003) and one of the brightest emission lines in star-forming galaxies (Stacey et al. 1991(Stacey et al. , 2010)), we use it to probe the ISM content of distant galaxies in addition to dust emission. The main samples considered in this work are described below and summarized in Table 1 sorted by increasing redshift. The source selection criteria at the basis of these samples are admittedly not homogeneous, nonetheless we compiled a large, "best-effort" collection of galaxies with sufficiently good data to determine their ISM column density. In Sect. 5.2, we try to correct a posteriori for the main selection biases and, in turn, draw general conclusions for the whole population of massive galaxies.

ASPECS

The ALMA spectroscopic survey (ASPECS) large program (Decarli et al. 2019;Aravena et al. 2020;Walter et al. 2020) is a 4.6 arcmin 2 blank-field survey at the center of the 7Ms CDFS (Luo et al. 2017). The ASPECS area falls within the 11 arcmin 2 A17, page 2 of 21 Fig. 1. Estimated dust mass vs. redshift for the considered galaxy samples as labeled. For high-z QSO hosts, dust masses have been estimated from Eq. ( 2) assuming

T d = 47 K if T min < 47 K or T d = 1.2T min if
T min > 47 K (see text for details). For the ASPECS and COSMOS samples, the original dust masses derived through SED-fitting (magphys) are plotted as open symbols, and those derived from a single MBB with T d = 47 K as filled symbols. The dashed curve shows the dust mass limit corresponding to a flux density of 30 µJy at 1.2 mm (i.e., the ∼3σ detection limit in ASPECS) from Eq. (2) assuming T d = 47 K.

covered by the Hubble Ultra Deep Field (HUDF, Beckwith et al. 2006), and roughly overlaps with the Hubble eXtremely Deep Field (XDF), that is, the region of the HUDF with the deepest near-IR observations (Illingworth et al. 2013). The ALMA observations were performed in both band 3 (3 mm) and 6 (1.2 mm), with the main aim of reconstructing the content of molecular gas and dust in galaxies over cosmic time through the detection of carbon monoxide (CO) lines and millimeter continuum emission (Decarli et al. 2019;Aravena et al. 2020).

The ASPECS 1.2 mm continuum observations reach an ultimate depth of ∼10 µJy rms (Aravena et al. 2020). We considered both the main sample of 35 high-fidelity ALMA detections and the secondary sample of 26 lower-fidelity ALMA detections with optical and/or near-IR priors, from which we removed galaxies without redshifts or with stellar masses below 10 10 M (the upper bound of the sample is M * = 3 × 10 11 M ). This leaves a total of 41 detected galaxies with redshifts (either spectroscopic or photometric) in the range z = 0.4-2.8. The ISM masses M gas of ASPECS galaxies have been estimated in several ways, and the various methods produced results consistent with each other (Aravena et al. 2020). As described in Sect. 3.1, we considered the M gas values derived from the dust masses assuming a fixed gas-to-dust mass ratio δ GDR . The selection function for the ISM (dust) mass of ASPECS galaxies is rather flat as a function of redshift (see, e.g., Fig. 8 in Aravena et al. 2020 and Fig. 1 here): molecular gas masses down to ∼3 × 10 9 M can be detected equally well at z ∼ 0.4-4. The angular resolution of ALMA data in ASPECS is ∼1.3 full width at half maximum (FWHM), which is not enough to provide a reliable estimate of the extension of either the dust or molecular gas emission of high-z galaxies. As an example, at the median redshift of the sample, z = 1.5, ASPECS would only resolve galaxies with halflight radii >5.5 kpc, whereas the typical galaxy radius at that redshift is ∼3 kpc (Allen et al. 2017). We then resort to galaxy sizes as estimated from stellar light in the optical-rest frame bands using F160W band photometry from the Hubble space telescope (HST) cosmic assembly near-infrared deep extragalactic legacy survey (CANDELS, Grogin et al. 2011;Koekemoer et al. 2011). We anticipate that a reliable optical size estimate is available for 32 galaxies out of the 41 massive galaxies in ASPECS (see Sect. 3.2).

COSMOS z ∼ 3.3

Suzuki et al. ( 2021) observed with ALMA a sample of 12 star-forming galaxies with spectroscopic redshift in the range z spec ∼ 3.1-3.6 in the cosmic evolution survey (COSMOS) field (Scoville et al. 2007). Their targets were drawn from a parent sample of galaxies observed with near-IR spectroscopy, and were selected to have M * > 10 10 M and a reliable determination of their gas-phase metallicity. The individual ALMA observations were performed at 1.3 mm (band 6) down to 10-50 µJy rms in the dust continuum, and 6 sources were detected at >4σ. Similarly to the ASPECS sample, the angular resolution of the ALMA observations (average beam size ∼1.4 ) is not sufficient to provide a reliable estimate of the source extent, and we then resort to galaxy sizes as estimated from the available HST photometry (F814W band; Leauthaud et al. 2007).

ALPINE

The ALMA large program to investigate [C ii] at early times (ALPINE;Le Fèvre et al. 2020;Béthermin et al. 2020) targeted 118 UV-selected normal star-forming galaxies with spectroscopic redshift in two windows, z spec ∼ 4.4-4.6, and z spec ∼ 5.1-5.9, in the COSMOS and Extended Chandra deep field south (ECDFS; Lehmer et al. 2005) fields. The main aim of ALPINE is probing obscured star formation in distant galaxies by means of their [C ii] line and dust continuum emission. The observations were performed in band 7 at a typical wavelength and down to an average continuum rms of 850 µm and 28 µJy for the z ∼ 4.5 targets, and 1.05 mm and 50 µJy for the z ∼ 5.5 targets, respectively (Béthermin et al. 2020). The [C ii] line was detected in 75 targets, and the continuum emission in 23 targets.

Here we consider the 27 ALPINE galaxies with M * > 10 10 M : 21 are detected in [C ii], and 13 in the continuum (all of the continuum detected galaxies except one are also detected in [C ii]).

The average beam size of the ALMA observations is ∼0.9 . This allowed Fujimoto et al. (2020) to measure the size of the [C ii] emission in the visibility plane, and derive a reliable size estimate for 9 of the massive galaxies considered here. In addition, Fujimoto et al. (2020) derived optical size estimates for their targets based on HST F814W and F160W photometry: for example, 7 out of the 13 ALPINE massive galaxies detected in the continuum feature a reliable HST size estimate (see Sect. 3.2).

Hosts of z ∼ 6 QSOs

At z ∼ 6, the selection of massive galaxies with M * > 10 10-11 M is difficult because of their low space density (Grazian et al. 2015;Stefanon et al. 2021). This requires sampling large sky areas down to very faint magnitudes to allow the collection of sizable source samples. A possible alternative is using bright QSOs as beacons to reveal the position of distant and massive A17, page 3 of 21 galaxies to be followed up with dedicated ALMA observations. In fact, based on the estimated large dust content and dynamical masses, z ∼ 6 QSOs are believed to be hosted by galaxies with stellar masses of least ∼10 10-11 M (Calura et al. 2014;Venemans et al. 2018;Izumi et al. 2019).

We considered the QSO sample published in Venemans et al. (2020), who compiled a series of ALMA observations of 27 UV-bright (M UV -25) QSOs at z spec > 5.7 drawn from the major wide-area optical and near-IR surveys. All targets were previously detected in both [C ii] and 1.2 mm continuum emission, and have L [C ii] 10 9 L . The ALMA observations reported by Venemans et al. (2020) have a continuum sensitivity varying from rms ∼ 50 to ∼200 µJy, and an average angular resolution of ∼0.3 FWHM, significantly improving over past observations. Such subarcsec resolution allowed Venemans et al. (2020) to determine the spatial extent of both continuum and [C ii] emission. The sample overlaps significantly (>50%) with that presented in [START_REF] Decarli | [END_REF] and Venemans et al. (2018), in which the only constraint required for ALMA observations was target visibility, and it is then not biased toward high dust continuum or [C ii] emission. Nonetheless, the vast majority (>85%) of the objects in [START_REF] Decarli | [END_REF] and Venemans et al. (2018) were indeed detected by ALMA in both [C ii] and continuum emission. We therefore consider the ALMA measurements reported in Venemans et al. (2020) as representative of the population of massive high-z galaxies hosting luminous QSOs.

The Subaru high-z exploration of low-luminosity quasars project (SHELLQs, Matsuoka et al. 2016Matsuoka et al. , 2019) ) is searching for faint QSOs at z ∼ 6 over the 1400 deg 2 Wide area of the Subaru Hyper Suprime-Cam (HSC) strategic program survey (Aihara et al. 2018). SHELLQs is currently providing the faintest samples of UV-selected QSOs at z ∼ 6, reaching absolute magnitudes of M UV ∼ -22.8. Izumi et al. (2018) and Izumi et al. (2019) followed up with ALMA a total of 7 SHEL-LQs QSOs with -22.8 < M UV < -25.3 in the redshift range z spec = 5.9-6.4. The observations were performed down to an average continuum rms of ∼20 µJy at 1.2 mm and with an average beam size of ∼0.5 . All QSOs were detected in the [C ii] line, and 6 out of 7 also in the continuum. In most cases the subarcsec angular resolution allowed a reliable determination of the source extent in both continuum and [C ii] (see Sect. 3.2).

Methodology

In this section we describe the main data and calibrations used in the literature to derive ISM masses and sizes, that is, the basic quantities needed to compute the ISM column density. We apply the different calibrations and cross-check their consistency on our samples. Figure 2 summarizes the ISM mass and size proxies that are available for the different samples. We anticipate that, whenever ALMA [C ii] data are available, these are at high spatial resolution. Therefore, we use them to estimate both ISM masses and sizes. Otherwise, we use dust continuum from ALMA to estimate ISM masses and optical/UV stellar emission from HST to estimate ISM sizes, as the spatial resolution of the available ALMA continuum data is often insufficient. This is detailed further below.

Gas mass estimates

The molecular gas content in galaxies can be estimated using different tracers. The most common are the dust continuum or CO emission lines corresponding to different rotational transitions CO(J → J -1), where J is the rotational quantum number. ASPECS galaxies feature a high rate of CO detections and have well-sampled FIR SEDs, which allowed Aravena et al. (2020) to measure their gas masses M gas using three different methods: (i) they converted the luminosity of different CO transitions L CO(J→J-1) into the ground state line luminosity L CO(1-0) based on the average CO line ratios measured in their survey (Boogaard et al. 2020), and then applied a standard calibration M gas = α CO L CO(1-0) with α CO = 3.6; (ii) the dust masses derived from broadband SED fitting with magphys (da Cunha et al. 2008(da Cunha et al. , 2015) ) were converted into total gas masses as M gas = δ GDR M d assuming a gas-to-dust mass ratio δ GDR = 200, which is appropriate for objects with slightly sub-solar metallicity as those in their sample (Rémy-Ruyer et al. 2014;De Vis et al. 2019); (iii) directly from the observed 1.2 mm flux density assuming the dust continuum luminosity -M gas calibration of A17, page 4 of 21 Scoville et al. (2016). The three methods found results consistent with each other within a factor of ∼2 (see Aravena et al. 2020).

Recently, a new empirical calibration based on the [C ii] line luminosity has been also proposed to track the molecular gas content of galaxies (Zanella et al. 2018) 

magphys.

For ALPINE and for high-z QSO hosts, dust masses were obtained by normalizing a modified black body spectrum to single-band ALMA photometry, but using different dust temperatures: T d = 25 K for the ALPINE sample (Pozzi et al. 2021) and T d = 47 K for high-z QSO hosts (Venemans et al. 2020;Izumi et al. 2018Izumi et al. , 2019)). As the total estimated mass decreases with increasing dust temperature and there are no stringent constraints on the dust temperature for most of the considered galaxies, we recomputed all dust masses following the procedure described below (see also Walter et al. 2022).

We considered a general modified black body (MBB) spectrum of the form:

S ν obs = Ω[B ν (T d ) -B ν (T CMB )](1 -e -τ ν )(1 + z) -3 , ( 1 
)
where Ω is the solid angle covered by the source, B ν (T ) = 2hν 3 c 2 (e hν k B T -1) -1 is the Planck function, T d is the dust temperature, T CMB (z) = 2.725(1 + z) K is the CMB temperature at redshift z, and τ ν is the dust optical depth. In the above equation ν obs and ν are the observed and rest frequency, respectively [ν = ν obs (1+z)]. By considering that the dust optical depth is proportional to its surface density Σ d , τ ν = κ ν Σ d , where κ ν is the dust absorption coefficient, and that Σ d = M d /A, where M d is the dust mass and A is the source physical area, once the FIR flux density, area and temperature of the dusty source are known, one can solve Eq. ( 1) for τ ν and in turn determine the dust surface density and mass, which reads as:

M d = -ln 1 - (1 + z) 3 S ν obs Ω [B ν (T d ) -B ν (T CMB )] A κ ν . (2) 
We note that, for τ ν << 1 and neglecting the correction for the cosmic microwave background (CMB) temperature, the above relation simplifies to the widely used formula (Hughes et al. 1997;Gilli et al. 2014;Venemans et al. 2018;Pozzi et al. 2021):

M d = D 2 L S ν obs (1 + z)κ ν B ν (T d ) , (3) 
where D L is the luminosity distance (we recall that D L = (1 + z) 2 D A , and D 2 A = A/Ω is the angular diameter distance). As the argument within the curly brackets of Eq. ( 2) needs to be positive, one gets:

B ν (T d ) > I ν, min ≡ (1 + z) 3 S ν obs Ω + B ν (T CMB ), (4) 
which in turn translates into a minimum temperature condition T > T min , where:

T min ≡ h ν k B 1 ln 1 + 2hν 3 c 2 I ν, min (5) 
Physically, this means that the larger the observed surface brightness S ν obs /Ω, the hotter the dust needed to explain it. Equation (1) shows that, for a given dust temperature, the observed surface brightness increases with increasing dust optical depth, namely when the source approaches an optically thick black body. In this case, only lower limits to the dust mass can be obtained. However, Eq. ( 4) shows that dust of a given temperature cannot produce arbitrarily large surface brightnesses, even for arbitrarily large dust masses.

The dust temperature and emissivity index β cannot be determined for most galaxies in our samples, as these have singleband millimeter detections only (except for ASPECS). We then followed the literature on high-z QSOs and assumed T d = 47 K and β = 1.6 (Calura et al. 2014;Venemans et al. 2018;Izumi et al. 2018;Venemans et al. 2020). We also assumed κ ν (β) = 0.77 (ν/352 GHz) β cm 2 g -1 (Dunne et al. 2000).

Figure 3 shows the distribution of the minimum blackbody temperature T min needed to explain the 1.2 mm surface brightness of high-z QSOs obtained using Eq. ( 5) and the dust continuum flux densities and sizes measured by Venemans et al. (2020), Izumi et al. (2018Izumi et al. ( , 2019)): the FIR/millimeter emission on approximately kiloparsec scales of a few bright and compact systems can be reproduced only by hot dust with T d > 50 K, or even T d > 100 K for the two most extreme cases, namely PSO231-20 and J2348-3054 in Venemans et al. (2020), which, in fact, feature the smallest sizes and larger surface brightnesses A17, page 5 of 21 Fig. 4. Comparison between ISM mass (left), size (center) and column density (right) as derived from [C ii] and dust continuum observations for the z ∼ 6 QSO samples. The ISM masses derived with the two methods agree for δ GDR = 200. The [C ii]-based sizes are on average ∼1.5 times larger than the dust continuum sizes. The total ISM column densities are on average higher for the dust continuum method, owing to the smaller sizes measured. Three sources with upper limits to their continuum size in the Venemans et al. (2020) sample are marked with arrows in the central and right panels. One SHELLQs source is not detected in the continuum, and is shown with an arrow in the left and right panels. For this and for another source in the same sample (both marked with large open squares in the central and right panels), the size could not be estimated, so we assumed it equal to the median of the sample. among all QSOs in that sample. This is supported by the results of Walter et al. (2022), who recently observed the z = 6.9 QSO J2348-3054 with ALMA in band 6 at 0.035 (200pc) resolution, and derived its FIR SED by combining Herschel and lower resolution ALMA data in different bands. From the FIR SED, they measured a dust temperature of T d ∼ 85 K averaged over the whole system size of ∼1 kpc, and through the high-resolution ALMA data they found that dust in the central regions is optically thick, and its minimum temperature increases to T min ∼ 130 K within the inner ∼100 pc. We then used T d = 47 K to derive the dust masses of all QSOs with T min < 47 K, and assumed T d = 1.2T min for hotter systems. The latter choice ensures a good agreement between the dust-based and the [C ii]-based gas mass estimates in these hot systems (see below). In fact, as the assumed temperature increases, the total dust mass -and, in turn, the total gas mass -decreases: dustbased gas masses become two times smaller than [C ii]-based masses already for T d > 1.5T min .

The dust masses derived for z ∼ 6 QSOs are shown in Fig. 1. They span a very wide mass range from ∼10 7 to ∼10 10 M , with bright QSOs having the larger dust contents. We applied the same method to compute dust masses for the other samples considered in this work, using the continuum flux densities as measured by ALMA and the source size derived from HST photometry (see Sect. 3.2), and compared the results with those published in the literature. We found an excellent agreement between our estimates obtained with T d = 47 K and those obtained with magphys for the ASPECS and COSMOS samples (see Fig. 1). For the ALPINE sample, the dust masses published by Pozzi et al. (2021) using a modified black body with T d = 25 K are a factor of 4 higher than those estimated here. This is mainly related to the cold dust temperature used in Pozzi et al. (2021): repeating the computation with T d = 25 K we obtained dust masses in excellent agreement with those of Pozzi et al. (2021). Figure 1 also shows the 3σ detection limit in dust mass for the ASPECS sample (rms ∼ 10 µJy), which is M d ∼ 2 × 10 7 M at z = 1 and declines slowly toward higher redshifts. The typical detection limits of the other samples are from ∼2 (ALPINE, COSMOS, SHELLQs), to ∼10 (high-lum QSOs) times higher than the ASPECS limit.

We converted the dust masses into total gas masses by assuming δ GDR = 200, as done by Aravena et al. (2020) for the ASPECS sample. Such a gas-to-dust mass ratio is in agreement with the expectations by chemical evolution models of evolved, massive disk galaxies with total baryonic mass M tot > 10 10 M (Calura et al. 2017), and with what is expected based on the metallicity of M * > 10 10 M galaxies at z ∼ 6 in recent simulations (Torrey et al. 2019).

In addition, we derived the total gas mass of ALPINE galaxies 

Galaxy size estimates

The relation between the galaxy size as measured through the stellar light, dust emission, or gas density profiles is subject of intense study. The effective radii found from HST photometry of distant galaxies (UV/optical rest-frame, i.e., probing the stellar light) are on average ∼1.5-1.7 times larger than those estimated with ALMA for the dust continuum emission (e.g., Fujimoto et al. 2017;Lang et al. 2019), whereas they are similar to those derived for the cold gas distribution, for example from CO data (Calistro Rivera et al. 2018). The reasons for this discrepancy could be ascribed to dust temperature and optical depth gradients, which may cause a steeper drop in the FIR/millimeter continuum emission at large radii (Calistro Rivera et al. 2018).

If so, stellar emission would be a more reliable tracer of the spatial distribution of cold molecular gas, that is, of the bulk of the ISM, than the dust FIR-continuum emission. Recently, the effective radius of the [C ii] line-emitting gas was measured by Fujimoto et al. (2020) for the ALPINE sample. For M * > 10 10 M galaxies, the size of the [C ii] emitting region was found to be on average ∼3 times larger than the HST UV/optical-rest size. [C ii] emission traces both atomic and molecular gas, and atomic gas is known to be more diffuse (at least in local galaxies; Bigiel & Blitz 2012). Furthermore, largescale, star-formation driven outflows of neutral gas are often observed in massive galaxies both in the local (Cazzoli et al. 2016;
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Roberts-Borsani et al. 2020) and distant (Ginolfi et al. 2020) Universe, which may also explain the larger [C ii] sizes.

The resolution of the ALMA data available for both ASPECS and COSMOS z ∼ 3.3 galaxies (1.3-1.4 FWHM) is not sharp enough to provide a reliable estimate of their cold gas extension. We then rely on UV/optical rest-frame measurements based on HST data. For ASPECS, we cross correlated the Aravena et al. (2020) sample with that presented by van der Wel et al. ( 2012), who run galfit (Peng et al. 2002(Peng et al. , 2010) ) to measure the structural parameters of galaxies in the CANDELS fields selected by means of HST F160W photometry. The structural parameters relevant for this study are the effective radii r e (actually, the half-light semimajor axes), Sersic indices n, and axial ratios q. The distributions of Sersic indices of the whole sample of van der Wel et al. ( 2012) and of the ASPECS subsample both peak at n = 1. We considered only the 32 ASPECS galaxies (23 from the main sample, and 9 from the secondary sample) where galfit returned a good fit (quality flag = 0). Typical sizes are r e ∼ 3-4 kpc. For the COSMOS z ∼ 3.3 galaxies, we crosscorrelated the Suzuki et al. (2021) sample with the COSMOS HST/ACS galaxy catalog (Leauthaud et al. 2007), which contains 1.2 millions galaxies detected in the F814W band down to 26.5 AB mag, and reports information about their half-light radii as measured from HST data. The UV sizes of galaxies in the Suzuki et al. (2021) sample are in the range r e ∼ 1-2.5 kpc.

For the ALPINE sample (average ALMA beam size ∼0.9 ), there are no public estimates of the size of the dust continuum emission, whereas [C ii] sizes are available (Fujimoto et al. 2020) and will be used in the following. We also note that Fujimoto et al. (2020) derived optical/UV sizes for their targets using galfit on HST F814W and F160W photometric data. In particular, they were able to obtain a reliable size measurement (flag=0) for 7 massive ALPINE galaxies detected in the continuum (see Fig. 1 and Table 1).

For the sample of high-z QSO hosts, ALMA observations have been performed with a resolution of 0.3-0.5 , which is sufficient to resolve both dust and [C ii] emission in most cases. The comparison between the [C ii]-based and dust-based effective radii is shown in Fig. 4 (center). On average, the [C ii]based radii are ∼1.5 larger than dust-based radii. We recall that, in known high-z QSOs, the nuclear radiation largely outshines that of stars at optical/UV rest-wavelengths. As a result, in spite of the few attempts to separate the QSO light from that of its host through high-resolution HST observations (Mechtley et al. 2012;Marshall et al. 2020), no information is currently available about the stellar emission of z ∼ 6 QSO hosts.

ISM absorption estimates

ISM density profile and column toward galaxies' nuclei

To estimate the ISM column density toward galaxy nuclei, we approximate galaxies as disks where both the light surface brightness and the gas density profiles decline exponentially along the radial direction. This is equivalent to assume a Sersic index of n = 1, which is consistent with the average light surface brightness profiles measured in the ASPECS and CANDELS samples. Furthermore, recent ALMA observations at 0.07 resolution of a small sample of distant, submillimeter galaxies (Hodge et al. 2019) showed that their continuum emission is dominated by exponential dust disks, which also supports our assumptions. Given an exponential profile of the form: where I 0 is the central surface brightness and r 0 is the scale (efolding) radius, it is convenient to rewrite Eq. ( 6) in terms of the effective, or half-light radius r e , defined as the radius enclosing half of the total luminosity:

I(r) = I 0 e -r/r 0 , (6) 
∞ 0 I(r)2πr dr = 2 r e 0 I(r)2πr dr . (7) 
Equation ( 6) then reads as:

I(r) = I(r e ) e -(r-r e )/r 0 . ( 8 
)
For a pure exponential disk, r e = 1.678 r 0 . We then consider a simple disk model for the gas distribution and work in cylindric coordinates. In the radial direction, we assume that the gas follows the same exponentially decreasing profile as the light surface brightness. For simplicity, we assume that there is no density gradient along the vertical (z) direction. A sketch of the adopted geometry is shown in Fig. 5. Denoting 2h as the disk thickness, the total gas surface density is:

Σ gas (r) = 2h 0 ρ(r, z)dz = 2hρ 0 e -r/r 0 = Σ gas,0 e -r/r 0 , (9) 
where ρ 0 is the central gas volume density and Σ gas,0 = 2hρ 0 . By rewriting Eq. ( 9) in terms of the effective radius, one gets:

Σ gas (r) = Σ gas (r e ) e -(r-r e )/r 0 .

(10)

Observationally, from the total gas mass M gas and effective radius r e measured for a given galaxy, one can derive an average value for the gas surface density as:

Σ gas = (M gas /2)/(πr 2 e ) . (11) 
This quantity can be easily related to the central gas surface density Σ gas,0 by considering that, by definition:

M gas = ∞ 0 Σ gas (r)2πr dr . ( 12 
)
By combining Eqs. ( 9), (11), and ( 12), one derives:

Σ gas,0 = (r e /r 0 ) 2 Σ gas ∼ 2.8 Σ gas . (13) 
Then, for a face-on view of a pure exponential disk galaxy one would measure a column density toward the nucleus equal to:

N H,0 = Σ gas,0 /2 ∼ 1.4 Σ gas , (14) 
whereas for a random orientation angle θ between the galaxy axis and the line of sight, one has to integrate the density profile along the optical path (see the sketch in Fig. 5):

N H, = 0 ρ(r, z)d = h tanθ 0 ρ 0 e -r/r 0 dr sinθ . ( 15 
)
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N H, = r 0 ρ 0 sinθ [1 -e -h r 0 tanθ ] , (16) 
which increases from hρ 0 to r 0 ρ 0 going from a face-on (θ = 0 • ) to an edge-on (θ = 90 • ) view. For random disk orientations, the average viewing angle is 1 radian, or ∼57.3 o . By assuming a characteristic disk half scale-height h = 0.15r e (Elmegreen & Elmegreen 2006;Bouché et al. 2015) and θ = 57.3 o , from Eq. 16 one then finds a column density toward the nucleus equal to:

N H,ISM ∼ 1.5 N H,0 ∼ 2.1 Σ gas . (17) 
Therefore, for a purely exponential disk with random orientation, the average ISM column density toward the nucleus N H,ISM can be estimated as about twice the measured mean gas surface density Σ gas .

We computed the column density toward the nucleus of ASPECS galaxies based on both Eqs. ( 16) and ( 17). In the thindisk approximation, the orientation angle of each galaxy can be derived as θ = arcos(q), where q is the axial ratio reported by van der Wel et al. (2012) based on CANDELS F160W photometry. We note that the average axial ratio measured for ASPECS galaxies would correspond to θ ∼ 55 • , remarkably similar to that expected for randomly oriented thin disks. The comparison between the column density obtained using a fixed, average orientation (Eq. ( 17)) versus those obtained from the individual orientations (Eq. ( 16)) is shown in Fig. 6. The two estimates generally agree within a factor of ∼2, and the ∆logN H,ISM distribution has mean around 0 and rms ∼ 0.15 dex. We therefore deem using a fixed, angle-average orientation a sufficiently good approximation for our purposes and utilize Eq. ( 17) to derive the ISM column densities in all the considered galaxy samples.

In Fig. 4 (right) we show the comparison between the high-z QSO ISM column densities estimated using the [C ii]based ISM masses and sizes (N H,ISM,[C ii] ) versus those estimated with the dust-based gas masses and sizes (N H,ISM,dust ). The column densities obtained with the two methods are in reasonable agreement with each other, but a nonlinear trend is visible, which is likely related to the overall system luminosity, as the high-and low-column regimes are mostly populated by high- (Venemans et al. 2020) and low-(SHELLQs) luminosity QSOs, respectively. Indeed, because of the well known [C ii] luminosity deficit in FIR-bright systems (Malhotra et al. 2001;Graciá-Carpio et al. 2011;Díaz-Santos et al. 2017;[START_REF] Decarli | [END_REF], the ratio between the [C ii]-based and the dust-based ISM masses decreases toward high QSO luminosities. More powerful QSOs have also stronger [C ii] outflows (Bischetti et al. 2019) that may enhance the size difference between the [C ii] and the dust emitting regions. Therefore, as the QSO luminosity increases, using the dust-based method one would derive larger ISM masses and smaller sizes than using the [C ii]-based method, obtaining in turn the observed trend between the two column density estimates.

ISM clumpiness and obscured AGN fraction

In the previous sections we derived column density values assuming that the cold ISM is smoothly distributed across galaxy volumes. This is obviously not true: the molecular ISM phase, the one which is most concentrated and expected to produce most obscuration, is in fact distributed within dense clouds, which cover only a portion of the solid angle toward the nucleus.

Here we aim to estimate the covering factor of these clouds and, in turn, the fraction of ISM-obscured AGN.

In the Milky Way, the average mass, radius, and surface density of molecular clouds are M c = 10 5 M , R c = 30 pc, and Σ c = 28 M pc -2 , respectively (Miville-Deschênes et al. 2017). Their volume filling factor φ = n c V c , where n c is the number of clouds per unit volume, and V c is the volume of each cloud, is about 1-2%. Such values may be radically different for massive galaxies at high redshift. As an example, the surface density of the individual molecular clouds detected in the "Snake" lensed galaxy at z = 1 (Dessauges-Zavadsky et al. 2019) is about 30 times higher than that of the Milky Way clouds. Furthermore, the cloud size and filling factor may be larger, hence producing significant coverage of the nucleus.

Similarly to what we did in the previous section for a smooth gas distribution, we assume that the cloud number density is exponentially decreasing along the galaxy radius and is constant in the vertical direction, that is:

n c (r, z) = n 0 e -r/r 0 , ( 18 
)
where n 0 is the number of clouds per unit volume at the galaxy center. Following Nenkova et al. (2008), the average number of clouds along a path at a given angle θ is given by:

N T (θ) = N c ( )d , (19) 
where N c = n c A c is the number of clouds per unit length and A c = πR 2 c is the cloud cross-sectional area. By integrating Eq. ( 19) we derive:

N T (θ) = τ sinθ [1 -e -tanθ ] , (20) 
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Based on Eq. ( 20), the average number of clouds seen faceon or edge on is N T (0) = n 0 A c h and N T (π/2) = n 0 A c r 0 , respectively. So, the two parameters τ and in Eq. ( 20) correspond to the average number of clouds seen edge-on and to the ratio between the average number of clouds seen face-on versus edgeon, respectively. The variation of N T (θ) with θ is shown in Fig. 7 for a system with n 0 = 270 kpc -3 , R c = (A c /π) 0.5 = 50 pc, = 0.25, r e = 1.678r 0 = 2.3 kpc. These numbers are representative of high-z galaxies. The assumed galaxy half-light radius r e is, in fact, typical of massive systems at z = 2.5 (Allen et al. 2017). In addition, for M c = 5 × 10 6 M (which is a reasonable cloud mass at high-z, see the next sections), the total gas mass in the system is M gas ∼ 10 10 M (see, e.g., Eq. ( 23)), which is again typical of massive galaxies at z = 2.5 (Aravena et al. 2020). Clearly, the typical number of clouds intercepted along a given line of sight (e.g., Fig. 7) is subject to a series of uncertainties that increase when moving to progressively higher redshifts, where our knowledge of the average galaxy morphology (e.g., ) and of the individual ISM cloud parameters (e.g., R c ) is poorer. Such uncertainties need to be kept in mind in the following analysis.

Once the average number of clouds along each line of sight is known, one can compute the total cloud covering factor to the nucleus, or, equivalently, the fraction of obscured nuclei f obsc in an unbiased sample of AGN (Nenkova et al. 2008):

f obsc = 1 - π/2 0 e -N T (θ) sin θdθ . ( 21 
)
We note that Eq. ( 21) assumes that individual clouds are optically thick. At soft X-ray energies, this condition is in fact satisfied given their typical column densities. As an example, the typical column density of molecular clouds in the Milky Way is N H ∼ 3 × 10 21 cm -2 (Miville-Deschênes et al. 2017), meaning that they are optically thick to X-ray photons with E < 1 keV. The dependence of f obsc on the two parameters τ and is shown in Fig. 8. The cloud number density at the galaxy center n 0 can be related to the total number of clouds in the galaxy N tot , and in turn to the total gas mass M gas = N tot M c , as follows:

N tot = dz n c (r, z)2πrdr , (22) 
which gives:

n 0 = N tot 4πhr 2 0 = 1 4π r 3 0 M gas M c . ( 23 
)
By considering that Σ gas = (M gas /2)/(πr 2 e ), r e = 1.678r 0 , and Σ c = M c /A c , Eq. ( 20) can be written as:

N T (θ) ∼ 1.4 Σ gas Σ c 1 -e -tanθ sinθ . ( 24 
)
The main quantities that affect the average number of clouds observed in a given direction therefore depend only on the total galaxy gas surface density Σ gas (which is an observable, see previous section), the gas surface density of each cloud Σ c , and the galaxy "aspect ratio" . The meaning of Eq. ( 24) is clear: the number of clouds along a given direction increases as Σ gas increases, as clouds are closer in space. Also, at a given Σ gas , more clouds are intercepted along the line of sight if they are more diffuse, that is, if Σ c decreases.

ISM clouds with a distribution of physical parameters

We now generalize the computations presented in Sect. 4.2 by moving from a single cloud type to a distribution of clouds with different radii R c , masses M c , and surface densities Σ c . We assume that the shapes of these distributions are the same all over the galaxy volumes, and that only their normalizations, or the cloud number density, varies following the radial exponential decline described in the previous sections (see, e.g., Eq. ( 18)).

We first considered the distributions observed for molecular clouds in the Milky Way by Miville-Deschênes et al. ( 2017), who did not find any correlation between the cloud surface density and size. We then consider Σ c and R c as independent A17, page 9 of 21 variables and write the number density of clouds at the galaxy center per unit cloud surface density and radius as:

n o (Σ c , R c ) = k n(R c )n(Σ c ) , (25) 
where n(R c ) and n(Σ c ) are functions of only R c and Σ c , respectively, and k is a normalization constant. By marginalizing over Σ c and R c one can write:

n o (Σ c ) = kI(R c, * )n(Σ c ) , (26) 
and

n o (R c ) = kI(Σ c, * )n(R c ) , (27) 
where 2017) divide clouds in the Milky Way into inner clouds and outer clouds, depending on whether their distance to the Galactic center is smaller or larger than 8.5 kpc, respectively. The size distributions of inner and outer clouds both peak at R c ∼ 30 pc and have similar shapes, whereas inner clouds are on average significantly denser and more massive, and contain ∼85% of the total gas mass in the Miville-Deschênes et al. ( 2017) catalog. We then derive the shape of n o (Σ c ) and n o (R c ) , and hence of n(R c ) and n(Σ c ) by considering the R c and Σ c distributions of the inner Milky Way clouds, as these may be a better proxy of the clouds living in the compact environments of high-z galaxies. We downloaded the cloud catalog presented by Miville-Deschênes et al. ( 2017), and found that the R c and Σ c distributions can be well approximated by cut-off power-laws (Schechter functions) of the form:

n(R c ) = R α c e -R c /R c, * , (28) 
and

n(Σ c ) = Σ α c e -Σ c /Σ c, * , (29) 
with α = 1.7, R c, * = 18 pc, β = 1.8, Σ c, * = 25 M pc -2 . With such approximations, I(R c, * ) and I(Σ c, * ) can be written as:

I(R c, * ) = R α+1 c, * Γ(α + 1) , (30) 
and

I(Σ c, * ) = Σ β+1 c, * Γ(β + 1) , (31) 
where

Γ(ξ) = ∞ 0 x ξ-1 e -x
dx is the usual Gamma function. The total cloud number density at the galaxy center can then be written as:

n 0 = n o (Σ c , R c )dΣ c dR c = k I(Σ c, * ) I(R c, * ) (32) = k R α+1 c, * Σ β+1 c, * Γ(α + 1)Γ(β + 1) .
Similarly, by recalling that the mass of each cloud is M c = Σ c πR 2 c , the total gas mass density at the galaxy center can be written as:

ρ 0 = n o (Σ c , R c )πΣ c R 2 c dΣ c dR c = πk R α+3 c, * Σ β+2 c, * Γ(α+3)Γ(β+2) . ( 33 
)
By integrating over the galaxy volume (see Eqs. ( 22), ( 23)), the total number of clouds and gas mass in a galaxy are then:

N tot = n o 4πhr 2 o , (34) 
and

M gas = ρ o 4πhr 2 o . (35) 
This simplified approach provides a satisfactory description of the overall cloud distribution and gas content of the Milky Way. As an example, for an input total gas mass equal to that contained in the inner Milky Way clouds (∼1. 

ISM-obscured AGN fraction for different N H thresholds

The formalism developed in the previous sections allows us to compute the solid angle to galaxy nuclei intercepted by clouds above any given surface density threshold, or, equivalently, above any column density threshold N H,th . We can then compare our expectations with the fraction of AGN with N H > N H,th measured at different redshifts in wide and deep X-ray surveys. In addition, we can make forecasts about the obscured AGN populations at z > 5-6 which are still missing from our cosmic inventory.

For a cloud population with a distribution of sizes and surface densities, the number of clouds with N H > N H,th (Σ c > Σ th ) per unit length can be written as:

N c,th = ∞ Σ th ∞ 0 n c (Σ c , R c , r, z)πR 2 c dR c dΣ c , (36) 
where n c (Σ c , R c , r, z) = n o (Σ c , R c )e -r/r o is the number density of clouds per unit cloud radius and surface density at a given position in the galaxy (r, z), and n o (Σ c , R c ) is the number density of clouds per unit cloud radius and surface density at the galaxy center, as defined in Eq. ( 25).

The average number of clouds with N H > N H,th along a path at a given angle θ is then given by (see Eq. ( 19)):

N T,th (θ) = N c,th ( )d (37) = ∞ 0 d ∞ Σ th ∞ 0 n o (Σ c , R c )e -r/r o πR 2 c dR c dΣ c ,
which leads to (see also Eq. ( 20)):

N T,th (θ) = I th (Σ c , R c )r o 1 -e -tanθ sinθ , (38) 
where

I th (Σ c , R c ) = kπ R α+3 c, * Σ β+1 c, * Γ(α + 3)Γ(β + 1, x th ) . (39) 
Here

x th = Σ th /Σ c, * and Γ(ξ, x th ) = ∞ x th
x ξ-1 e -x dx is the incomplete Gamma function. The normalization k of Eq. ( 39) can be expressed as a function of the total gas mass M gas and galaxy scale r o by considering Eqs. ( 33) and (35). After some algebra one gets:

N T,th (θ) ∼ 1.4 Σ gas Σ c, * G(β, x th ) β 1 -e -tanθ sinθ , (40) 
where G(β, x th ) = Γ(β + 1, x th )/Γ(β + 1) decreases from 1 to 0 as x th increases from 0 to +∞. Equation ( 40) is the analog of A17, page 10 of 21

Eq. ( 24), which was derived for a single cloud type. N T,th (θ) can be then estimated by specifying the total gas surface density and "aspect ratio" of the galaxy Σ gas and , respectively, and assuming that the surface densities of individual molecular clouds are distributed as a Schechter function of slope β and characteristic density Σ c, * . Hence, for a population of identical galaxies, the fraction of ISM-obscured nuclei with N H > N H,th can be obtained as (see Eq. ( 21)):

f obsc (> N H,th ) = 1 - π/2 0 e -N T,th (θ) sin θdθ . (41) 
In Eq. ( 41) one counts as obscured AGN with N H > N H,th only those systems where individual clouds with N H > N H,th fall along the line of sight. Of course, more than one cloud with N H < N H,th can lie along the line of sight and bring the total column density above the chosen threshold. Thus, the fractions of ISMobscured AGN estimated from Eq. ( 41) should be considered as lower limits. We nonetheless note that for a population of highz disk galaxies observed at an average orientation angle of θ = 57.3 (see Sect. 4.1), the average number of clouds along the line of sight is ∼1 (see, e.g., Fig. 7). We therefore consider Eq. ( 41) as a good proxy for the "true" fraction of ISM-obscured AGN with N H > N H,th .

Results

Evolution of the ISM column density

In Fig. 9 we show the distribution of the ISM column density as derived in Sect. 4.1 for the galaxy samples at different redshifts presented in Sect. 2. For ASPECS and COSMOS z ∼ 3.3 galaxies, we used the dust mass to estimate the total ISM mass and the UV/optical stellar size as a proxy for its size. For ALPINE and for the hosts of z ∼ 6 QSOs, we used [C ii] data for both gas mass and size estimates. For comparison, for the 7 continuumdetected sources in ALPINE with a reliable HST size estimate (see Sect. 3.2) we also computed ISM column densities using the dust mass and the UV/optical stellar size as proxies for the total ISM mass and size, respectively. On average, as shown in Fig. 9, the column densities measured with this method are higher than those derived from [C ii] data (the median value is higher by ∼0.5 dex). However, as discussed in Sect. 5.2, when accounting for selection biases, the ranges allowed for the column densities derived with the two methods fully overlap.

A steady increase of the ISM column density with redshfit is observed, with typical values going from ∼10 22 cm -2 at z < 1 to ∼10 24 cm -2 at z > 6. That is, the ISM in early, massive galaxies can reach values as high as Compton-thick and hence provide significant obscuration to any nuclear emission. Interestingly, at z ∼ 6, the ISM in the hosts of luminous QSOs (Venemans et al. 2020) is denser than what is measured in the hosts of less luminous QSOs (Izumi et al. 2018(Izumi et al. , 2019)). Clearly, all known QSOs at z ∼ 6 are UV-bright and, by selection, are seen along lines of sight free from such heavy ISM columns.

By normalizing the ISM column density at z = 0 to the average value observed in the Milky Way, N H = 10 21 cm -2 (Willingale et al. 2013), the increase of the average ISM column density with redshift can be parameterized as N H (z)/N H (0) ∼ (1 + z) 4 (see black solid curve in Fig. 9). The adopted value for the z = 0 normalization is based on a single object and is then somewhat arbitrary. We nonetheless verified that this is consistent with what is measured in local samples of massive galaxies. To this end, we considered the 67 galaxies with M * > 10 10 M in the extragalactic database for galaxy evolution drawn from the Calar Alto legacy integral field area survey (EDGE-CALIFA; Bolatto et al. 2017). Based on CO(1-0) observations with the combined array for millimeter-wave astronomy (CARMA; Bock et al. 2006), this survey measured the content and extent of the molecular gas reservoirs in a sample of nearby, z < 0.03 galaxies that were detected at 22 µm by the widefield infrared survey explorer (WISE; Wright et al. 2010). We used those measurements to derive a median surface density of Σ gas = 4.3 × 10 21 cm -2 , which translates (Eq. ( 17)) into a typical column density toward galaxy nuclei of N H = 9.0 × 10 21 cm -2 . Requiring a mid-IR detection with WISE preselects gas-rich galaxies. We then consider this column density estimate as an upper limit to the true, typical ISM obscuration in local massive galaxies, and we plot it as a downward arrow in Fig. 9.

Similarly, the overall ISM density versus redshift trend shown in Fig. 9 relies on samples of galaxies that are relatively bright in the FIR/millimeter domain, and one may then ask whether its validity is limited to those galaxy populations that are richer in gas at any redshift. We show in the next section that the ISM column density steeply increases with redshift even when accounting for selection biases, generalizing our results to the entire population of massive galaxies.

Median N H,ISM and correction of selection biases

By definition, any object with millimeter flux density below the ALMA detection limit is not included in the previous analysis. This can both bias high the overall N H,ISM measurements and distort its redshift evolution. Broadly speaking, as the fraction of massive, gas poor galaxies increases with decreasing redshift (Calura et al. 2008;Fontana et al. 2009), one may expect that the strongest bias is at low-z. The strength of this bias is however obviously also related to the sensitivity of the considered ALMA observations.

ASPECS is currently the deepest blind survey at 1.2 mm and is able to detect gas masses down to approximately 2.5 × 10 9 M at any redshift above z ∼ 0.5. We then checked how many massive galaxies with M * > 10 10 M in the part of the HUDF covered by ASPECS (∼2.1 × 2.1 arcmin 2 ) went undetected by ALMA. We considered the catalog of stellar masses computed by Santini et al. (2015) in the whole GOODS-S area, which also includes the HUDF and probes stellar masses down to M * ∼ 3×10 7 M up to z ∼ 3. Santini et al. (2015) compared several SED-based stellar mass estimates for GOODS-S galaxies as determined by different groups using the same photometry and redshift catalogs but different fitting codes, assumptions, priors, and parameter grids. In this work, we used the estimates flagged as "13a τ " in Santini et al. (2015; see their Table 1), which were derived assuming a Chabrier IMF and an exponentially decreasing star formation history, as they provide the best agreement with those published by Aravena et al. (2020) (we derived a null offset and ∼0.25 dex rms for the mass ratio distribution of common objects). We matched the Santini et al. (2015) catalog with that of van der Wel et al. (2012) and found 23 galaxies in the ASPECS survey area with reliable structural parameters (q = 0 in van der Wel et al. 2012), redshift in the range z = 0.5-3 and stellar mass M * > 10 10 M (i.e., using the same cuts applied to the Aravena et al. 2020 sample). Their size distribution is similar to that of ASPECS galaxies. We then used the size measured by van der Wel et al. ( 2012) and assumed a gas mass of 2.5×10 9 M to derive upper limits to their ISM column densities. Many of these limits fall in the cloud occupied by ASPECS galaxies in Fig. 9. However, in order to have a conservative estimate of A17, page 11 of 21 Fig. 9. ISM column density vs. redshift for different samples of M * > 10 10 M galaxies as labeled. For ASPECS and COSMOS z ∼ 3.3 galaxies, ISM masses were derived from dust masses, and ISM sizes from UV/optical stellar sizes. For ALPINE galaxies and for z ∼ 6 QSO hosts both ISM masses and sizes were derived from [C ii] data. For comparison, we also show for the ALPINE sample the results obtained using ISM masses derived from dust mass and ISM sizes derived from UV/optical stellar sizes (green open pentagons; see text for details). The upper bound of the light blue shaded area shows the median N H values obtained for the different samples (ASPECS was divided into two redshift bins). The lower bound shows the median N H values after including a conservative correction for incompleteness and observational biases (see Sect. 5.2). The N H ∝ (1 + z) 4 solid curve is obtained by combining empirical trends for the gas mass and galaxy size and is normalized to N H = 10 21 cm -2 at z = 0, which is consistent with the angle-averaged column density of the Milky Way (Willingale et al. 2013) and with the upper limit to the median column density of local massive galaxies as derived from the EDGE-CALIFA survey (Bolatto et al. 2017; big square at z = 0.1). The long-dashed curve running through the light-blue shaded area corresponds to (1 + z) 3.3 . The gold shaded area is from Buchner et al. (2017) as derived from the Illustris-1 simulation: lower and upper bounds are for galaxies with M * > 10 10 M and M * > 10 11 M , respectively. The horizontal dashed line shows the column density corresponding to Compton-thick absorption. the lowest possible median column density of the entire population of massive galaxies at z = 0.5-3 (i.e., both detected and undetected by ALMA), we considered all of these 23 objects to lie below the lower envelope of the N H versus z distribution of ASPECS galaxies. By dividing the sample into two redshift bins, we found that, when ALMA undetected galaxies are included, the median N H,ISM value decreases from 4 × 10 22 cm -2 to 7×10 21 cm -2 at z = 1, and from 6×10 22 cm -2 to 3×10 22 cm -2 at z = 2 (see Fig. 9). The quoted N H ranges can therefore be considered as bracketing the true median values in both redshift bins.

The six COSMOS z ∼ 3.3 galaxies detected at 1.2 mm are drawn from the sample of Suzuki et al. (2021), who observed with ALMA twelve star-forming galaxies (11 with M * > 10 10 M ) with reliable gas phase metallicity measurements based on near-IR spectroscopy. Incidentally, by means of the dust-to-gas mass ratio δ GDR versus gas-phase metallicity relation derived by Magdis et al. (2012), Suzuki et al. (2021) estimated an average δ GDR = 210 for their sample, in excellent agreement with what is assumed throughout this work (δ GDR = 200). The median column density of the six ALMA-detected galaxies is logN H,ISM ∼ 23.6. Assuming that the five ALMA-undetected massive galaxies in Suzuki et al. (2021) have gas masses and column densities smaller than ALMA-detected galaxies, the median ISM column density of the whole sample in Suzuki et al. (2021) would then coincide with the lowest column density measured, log N H,ISM ∼ 22.9 (see Fig. 9). All star-forming galaxies in Suzuki et al. (2021) The median column density of the nine galaxies with a reliable [C ii]-based size estimate is logN H,ISM = 23.5 (see Fig. 9, we plot it at z = 5). We verified that the 12 galaxies with no good [C ii]-size estimate have an N H,ISM distribution similar to that shown in Fig. 9, and we have assumed that the six [C ii]undetected galaxies all have N H,ISM below the lowest measured value for the detected galaxies. This brings the corrected median logN H,ISM value of the whole sample to 23.2. Similarly to the COSMOS z ∼ 3.3 sample, ALPINE galaxies lie on the main sequence (Fujimoto et al. 2020), and therefore we consider the corrected median N H,ISM as representative of the whole population of massive galaxies at z ∼ 5. We repeated the same exercise on the ALPINE sample by considering the ISM column densities derived from dust mass and UV/optical sizes. The median column density of the 7 continuum detected galaxies with reliable HST size is logN H,ISM ∼ 24. When considering the whole sample of 13 dust-detected galaxies without requirements on the size reliability, we found that the lowest column density of the sample is about logN H,ISM = 22.8. By conservatively assuming that the 14 continuum undetected galaxies all have column densities below this value, we estimate that a plausible range for the median dust-based N H,ISM is 22.8-24, which is larger than the range derived from [C ii] data and fully encompasses it (see also Fig. 9). For the sample of z ∼ 6 QSO hosts, we note that any correction to account for ALMA undetected objects does not A17, page 12 of 21 Fig. 10. Comparison between the evolution of the median column density of the ISM (light blue shaded area and black dashed curve -same meaning as in Fig. 9) and of the median absorption column density measured in different AGN samples through X-ray spectroscopy (see text for details). At z 1.5-2 the ISM column density becomes comparable to that measured in the X-rays. affect significantly the mean N H,ISM derived from ALMA detections only. As a matter of fact, all of the seven low-luminosity QSOs observed by Izumi et al. (2018Izumi et al. ( , 2019) ) are detected in [C ii], and six of them also in the continuum. The sample of high-luminosity QSOs in Venemans et al. (2020) instead includes only objects that were previously known to be FIRbright. We evaluate the non-detection rate of high-luminosity QSOs hosts based on the sample discussed in Venemans et al. (2018) and [START_REF] Decarli | [END_REF], which largely overlap with the Venemans et al. (2020) sample and include targets selected by UV luminosity only. The non-detection rate in that sample is less than 15% for both [C ii] and continuum observations. As the ALMA observations in Venemans et al. (2020) are on average more sensitive than in Venemans et al. (2018), this nondetection rate can be considered as an upper limit. Nonetheless, we checked that assuming a 15% non-detection rate for luminous high-z QSOs would change the median N H,ISM estimates, either based on [C ii] or continuum emission, by less than 10%, and therefore we neglected this correction. To derive a representative median N H,ISM for the entire population of z ∼ 6 QSO hosts, one has instead to consider that the number of ALMA observations of low-luminosity and high-luminosity QSOs do not reflect the actual abundance of the two populations. Bright QSOs were indeed discovered earlier and are easier targets, and then dominate the statistics of currently observed objects. As shown in Fig. 4, luminous QSOs are also the ones with larger gas masses and column densities, and therefore their median N H,ISM cannot be considered as representative of the whole population. To correct for this, we considered the UV-rest luminosity function (LF) of z ∼ 6 QSOs published by Matsuoka et al. (2019), which combines the results from SHELLQs with those of shallower, wider-area optical surveys. By first integrating the QSO LF in the range M UV = [-22, -25] covered by the Izumi et al. (2018Izumi et al. ( , 2019) ) samples, and then at magnitudes M UV < -25, as typical of the Venemans et al. (2020) sample, we estimate that low-luminosity QSOs are about 9 times more abundant than high-luminosity QSOs. We then smoothed the observed N H,ISM distributions of high-and low-luminosity QSOs with a boxcar of 1 dex in logN H,ISM , and resampled each distribution 1000 and 9000 times, respectively. The corrected median value of the final distribution is logN H,ISM = 23.7, which we consider as representative of the observed population of z > 6 QSOs, that is, of z ∼ 6 massive galaxies. When compared with the allowed ranges for the median column density of massive galaxies at lower redshifts (see Fig. 9), this calls for an increase of the median ISM column density with redshift as (1 + z) δ , where δ is in the range 2.3-3.6. When the median column density of local galaxies is fixed to N H = 10 21 cm -2 , as observed in the Milky Way (Willingale et al. 2013), the cosmic evolution of the corrected median ISM column density is best described by δ = 3.3 (see Fig. 9).

Comparison with the median AGN X-ray column density

In Fig. 10 we compare the evolution of the median ISM column density derived in the previous section, both as measured and corrected for selection biases, with the median column densities derived from X-ray observations of large AGN samples. To minimize the biases against heavily obscured AGN we considered either results from the deep Chandra and XMM-Newton observations of the CDFS (Iwasawa et al. 2012(Iwasawa et al. , 2020;;Liu et al. 2017;Vito et al. 2018), or, for the local Universe, results from AGN samples selected at energies above ∼10 keV with Swift/BAT (Burlon et al. 2011) or NuSTAR (Zappacosta et al. 2018).

As shown in Fig. 10, the median column densities derived for the X-ray nuclear obscuration are on the same order of the ISM column densities, especially at z 1.5-2. This indicates that the ISM may in fact produce a substantial fraction of the nuclear obscuration measured around distant SMBHs. Instead, in the local Universe, and likely up to z ∼ 1.5-2, the median X-ray derived column densities appear in excess of what can be produced by the ISM, suggesting that most of the nuclear obscuration is produced on small scales by the AGN torus.

We note that several caveats apply to the above comparison: first, the considered AGN samples generally do not contain any cut in host stellar mass, whereas our ISM density computations A17, page 13 of 21 are valid for systems with M * > 10 10 M . Most AGN in the considered X-ray samples, however, are likely hosted by massive galaxies. For example, we checked that this is in fact the case for the BAT and for the Vito et al. (2018) samples, and that the average column densities obtained cutting at M * > 10 10 M are in good agreement with those of the total samples. Second, detecting the most heavily obscured, Compton-thick AGN is hard even for the deepest X-ray surveys (Lambrides et al. 2020). As a result, completeness corrections are difficult, and the median column density estimates may have been underestimated. Third, the fraction of obscured AGN is known to decrease with X-ray luminosity (Gilli et al. 2007;Hasinger 2008) , which again may bias low the derived median N H estimates, especially toward high redshifts where low-luminosity systems cannot be detected effectively. We defer to the Discussion a more detailed comparison between the X-ray and ISM obscuration. Here it is just worth remarking that, at high-z, the ISM column densities are on the same order of what is measured via X-ray absorption.

Redshift evolution of the ISM-obscured AGN fraction

The formalism developed in Sects. 4.2-4.4, can be used to follow the redshift evolution of the average number of ISM clouds toward galaxy nuclei and, in turn, of the ISM-obscured AGN fraction. Since the surface density of individual molecular clouds has been found to significantly increase with redshift for a given cloud size (Dessauges-Zavadsky et al. 2019), we allow the characteristic surface density Σ c, * of molecular clouds to increase with redshift as Σ c, * (z) = Σ c, * (0)(1 + z) γ , exploring the range γ = 2-3 to account for the large uncertainties associated with the above trend. We instead assume for simplicity that the distribution of the cloud radii does not vary with redshift, as observations of molecular clouds in distant galaxies are unavoidably biased against small systems and hence cannot probe the entire size distribution. As an example, the ALMA observations of the Snake lensed galaxy at z = 1 in Dessauges-Zavadsky et al. ( 2019) could only resolve clouds with R c > 30 pc.

The redshift evolution of the ISM-obscured AGN fraction above a given N H,ISM threshold is derived using Eqs. ( 40) and ( 41). The redshift dependence is encapsulated in the function (Σ gas /Σ c, * )×G(β, x th ) ∝ (1+z) δ-γ G(β, x th (z, γ)). Once the characteristic gas surface density and cloud surface density distribution of galaxies at z = 0 are specified (that is, Σ gas (0), Σ c, * (0), and β), and assuming that the ratio, , between the number of galaxy clouds seen face-on versus edge-on is the same at all redshifts, the cosmic evolution of the ISM-obscured AGN fraction is determined by how fast the galaxy total gas surface density increases with respect to the characteristic cloud surface density (1 + z) δ-γ modulated by G(β, x th (z, γ)). G depends on z and γ through the lower integration limit x th = Σ th /(Σ c, * (1 + z) γ ): for a fixed N H (Σ) threshold, it increases with increasing redshift at a rate that grows with increasing γ.

We show in Fig. 11 the cosmic evolution of the fraction of ISM-obscured AGN for γ = 2 and 3, and for three different column density thresholds, N th = 10 22 , 10 23 , and 10 24 cm -2 . Based on the evolution of the ISM column density (Sect. 5.2), which is linked to the total gas surface density through Eq. ( 17), we assume δ = 3.3 to describe the increase in the total gas surface density with redshift. We also fixed the total gas surface density of local galaxies to Σ obs (0) ∼ 5 × 10 20 cm -2 , corresponding to an average column density toward the nucleus of N H ∼10 21 cm -2 , and the shape parameters of the cloud density distribution to what is observed for the inner Milky Way clouds (Σ c, * (0) = 25 M pc -2 , β = 1.8). We also fixed = 0.25, consistently with the adopted value of h/r e = 0.15 assumed in Sect. 4.1.

As shown in Fig. 11, given the global increase of the ISM column density with redshift, the cosmic evolution of the ISMobscured AGN fraction heavily depends on the evolution of the characteristic cloud density Σ c, * : on the one hand, if Σ c, * rapidly grows with redshift (γ = 3), the fraction of ISM-obscured AGN evolves weakly, as only a few, dense clouds are needed to match the total column density increase with redshift. On the other hand, if Σ c, * grows slowly (γ = 2), more clouds are needed to produce the same column, and hence there are more chances to see the nucleus through a cloud. In both cases, at z = 0, the fraction of ISM-obscured AGN is expected to be below 5% for a column density threshold of N H,th = 10 22 cm -2 , and to be negligible for N H,th = 10 23 cm -2 (see Fig. 11). At z = 3.5, instead, f obsc (> 10 23 ) grows from 0.21 to 0.43 when moving from γ = 3 to γ = 2. As expected, the fraction of heavily obscured nuclei f obsc (>10 23 ) is always smaller than what is obtained by relaxing the absorption threshold f obsc (>10 22 ), but the two numbers progressively get closer toward higher redshifts as the fraction of low-column clouds in galaxies gets smaller. Remarkably, in the γ = 2 scenario, more than 80% of all early SMBHs at z > 6 may be obscured by the ISM in their hosts. At even higher redshifts, z > 8, one may further expect to see Compton-thick absorption from the ISM in about 15-20% of accreting SMBHs. Clearly, the cosmic evolution of the surface density of individual molecular clouds is largely unknown. On the one hand, by comparing the typical densities of clouds in the Snake galaxy at z ∼ 1 (Dessauges-Zavadsky et al. 2019) with that of Milky Way clouds one would get γ > 3 (which may be however biased high as selection effects would favor the detection of bigger and denser clouds in the Snake). On the other hand, theory works on z ∼ 6 galaxies (e.g., Vallini et al. 2018Vallini et al. , 2019) ) often assume fiducial cloud sizes and masses corresponding to surface densities similar to what is measured in the Milky Way and other nearby star-forming galaxies, meaning γ = 0. We actually do not consider the γ = 2 scenario as the more plausible a priori, but anticipate that it provides the best representation of the obscured AGN fractions measured at different cosmic times (see Sect. 6.3).

Discussion

ISM column density: uncertainties and empirical trends

In Sect. 5.2, we showed that the median column density of massive galaxies increases with redshift as N H ∝ (1 + z) δ , where δ = 3.3. The exact value of the slope δ is admittedly uncertain, and an adequate representation of the median column density values observed at different redshifts would still be obtained for δ = 2.3-3.6. Nonetheless, the derived slope is similar to what one would derive from simple empirical trends reported in the literature about the cosmic evolution of the average gas mass and size of massive galaxies. The gas mass of galaxies is in fact known to rapidly increase with redshift as (1 + z) a , with a ∼ 2 (Scoville et al. 2017;Tacconi et al. 2018;Liu et al. 2019). For instance, for main sequence star-forming galaxies, Scoville et al. (2017) found that the ISM content increases as a function of redshift as M ISM ∝ (1 + z) 1.84±0.14 , and is also a weak function of stellar mass (∝ M 0.30±0.04 * , see their Eq. ( 6)). We note that the Scoville et al. (2017) sample is essentially made by galaxies with stellar masses in the same range of the previously considered ASPECS sample, M * = 1-30 × 10 10 M (see Sect. masses above 3 × 10 11 M . The size of galaxies is known to decrease with redshift (e.g., Allen et al. 2017). This decrease is commonly parameterized as r e ∝ (1 + z) -b , where r e is the effective (or half-light) radius of the galaxy and b ∼ 1.0. The exact value of b depends on the specifics of the galaxy population under consideration. For instance, Shibuya et al. (2016Shibuya et al. ( , 2019) ) measured b = 1.20 and 1.37 for LBGs and LAEs, respectively. For a mass-complete sample of star-forming galaxies with M * > 10 10 M in the redshift range z = 1 -7 selected in the CANDELS fields, Allen et al. (2017) found b in the range 0.9-1.0, depending on the adopted IMF and analysis methodology. They measured the effective radius by means of HST F160W photometry. The upper mass bound of the Allen et al. (2017) sample is again M * ∼ 3 × 10 11 M . Assuming that gas and stars follow the same spatial distribution and then have equal effective radii, by combining the empirical relations found by Scoville et al. (2017) and Allen et al. (2017) one would trivially get that the average ISM volume and surface density increase with redshift as (1 + z) 5 and (1 + z) 4 , respectively, for galaxies within the same stellar mass range considered in this work. The slope of the column density relation, δ = 4, derived from this simple exercise is then similar to what we derive in Sect. 5.2 from our samples (δ = 3.3), and again points to a steep increase of the ISM density toward early epochs.

Concerns in the evolution rates derived for the ISM density may be related to how gas masses and sizes have been estimated. As discussed in Sect. 3.2, the effective radii of stellar emission as probed by UV/optical rest-frame data are similar to those derived from CO emission, but a factor of 1.5-1.7 larger than those measured from dust continuum emission (Fujimoto et al. 2017;Lang et al. 2019). Calistro Rivera et al. (2018) suggest that this difference is due to temperature and optical depth gradients which cause a steeper drop in the FIR emission at large radii: stellar emission would then be a more reliable tracer of the spatial distribution of cold molecular gas, as also found by recent numerical simulations (Popping et al. 2022). This seems to be true at all redshifts, as the effective radius measured from ALMA continuum emission decreases with redshift with the same rate (b ∼ 1) as measured from CANDELS (UV/optical-rest) photometry (Fujimoto et al. 2017). In Sect. 3.2 we used for ASPECS and COSMOS z ∼ 3.3 galaxies the stellar sizes derived from HST photometry. For the z > 4 samples, ALPINE and z ∼ 6 QSOs, [C ii]-based size measurements are available and we resorted to those. For the ALPINE sample, the [C ii]-based sizes are ∼2× larger than the rest-frame UV-continuum size measured with HST (Fujimoto et al. 2020) We note that, as yet, no public information is available on the dust-continuum sizes for this sample.

For the high-z QSOs samples, [C ii]-based sizes are on average ∼1.5× larger than those estimated from the dust continuum (the host UV/optical stellar emission is as yet undetected in these systems). Hence, in general, we may conclude that: (i) using dust-based measurements would likely produce a global increase of the ISM densities by a factor of ∼2-4 at all redshifts, making ISM-obscuration of AGN even stronger; (ii) replacing the [C ii] sizes with the optical/UV-rest sizes (when available) would increase by a factor of ∼4 the ISM densities of our highest redshifts samples, hence making the observed evolution even steeper.

Adding the parsec-scale torus

In Sect. 5.4 we discussed how the redshift evolution of the ISMobscured AGN fraction depends on our cloud model assumptions, particularly on the evolution of the cloud characteristic density Σ c, * . Figure 11 shows that, if the evolution in Σ c, * is not too fast, the fraction of ISM-obscured AGN rapidly increases toward early cosmic epochs. The model predictions, however, cannot be directly compared with the observed fractions of X-ray obscured AGN, as these include any absorption along the line of sight, especially that produced by dense, dusty gas around the nucleus. This so-called torus, is thought to be azimuthally distributed within a few to tens of parsecs from the SMBH (e.g., Combes et al. 2019;García-Burillo et al. 2019). Locally, the torus covering factor is used to explain the abundance of heavily obscured SMBHs with N H > 10 23 cm -2 (Risaliti et al. 1999;Marchesi et al. 2018), as opposed to the local global ISM, which, at z ∼ 0, can only produce mild obscuration (N H,ISM 10 22 cm -2 ; see Sect. 5.1 and Fig. 9).

Recent progress has been made in both observations (Zhao et al. 2021;Torres-Albà et al. 2021) and modeling (Baloković et al. 2018;Buchner et al. 2019) of the torus component. Accurate fits to the NuSTAR and XMM-Netwon spectra of local Seyfert 2 galaxies (Marchesi et al. 2019;Zhao et al. 2021) revealed that the torus covering factor is about 0.6-0.7. Although the torus structure is likely complex and patchy, in the simple assumption of a medium uniformly distributed in a donut-like shape around the SMBH, a covering factor of 0.71 corresponds to a half-opening angle of θ torus = 45 • . Moving from A17, page 15 of 21 Seyfert to QSO luminosities, the torus covering factor is known to decrease, possibly because of the increased radiation pressure (Maiolino et al. 2007;Lusso et al. 2013;Ricci et al. 2017): at L bol ∼ 10 46-47 L , the torus covering factor is estimated to be 0.4-0.5, where 0.5 corresponds to a half-opening angle of 60 • . Here we shall now assume that the torus covering factor does not evolve with redshift. This is supported by the lack of evolution in the broadband SEDs of luminous quasars, which are remarkably self-similar up to the highest redshifts, z ∼ 6-7 (Barnett et al. 2015;Nanni et al. 2018). In particular, no evolution has been observed in the typical ratio R between the QSO UV/optical and mid-IR luminosity (Leipski et al. 2014;Bianchini et al. 2019), which is considered as a proxy for the fraction of nuclear radiation reprocessed by hot dust (T < 1500 K) within a few parsecs of the nucleus, that is, for the torus covering factor. For example, Bianchini et al. (2019) divided a sample of >250 000 luminous QSOs at 1 < z < 5 into three redshift bins populated by objects with similar luminosities1 and found a remarkably constant average value R ∼ 1.1 in the three bins. This suggests that the covering factor of the small-scale, circumnuclear medium is primarily regulated by QSO feedback across cosmic times.

ALMA observations of nearby Seyfert galaxies at parsecscale resolution showed that the torus axis and the galaxy disk axis are often misaligned (Combes et al. 2019). Accounting for any torus-disk misalignment in our model (see below) would increase the total gas covering factor around the nucleus, and, in turn, the total obscured fraction of AGN at any redshift. For simplicity, we considered the torus and the galaxy disk as coaxial (see Fig. 12), keeping in mind that the derived obscured AGN fractions may represent lower limits. Again, for the sake of simplicity, we assumed that the torus produces Compton-thick absorption through all lines of sight crossing it. We considered two cases for its half-opening angle: θ torus = 45 • or 60 • . In this simple configuration, the total fraction of obscured AGN can be simply obtained with Eq. ( 41) by using θ torus instead of 90 • as the integral upper bound, as all lines of sight with θ torus < θ < 90 • are now heavily obscured by the torus component.

Cosmic evolution of the total nuclear obscuration

In Fig. 13 we show the effects of adding the small-scale torus absorption to the large-scale ISM absorption for different assumptions on the evolution of the characteristic cloud surface density. As in Fig. 11, we fixed the evolution rate of the average ISM density to δ = 3.3 and the ratio between the average number of ISM clouds crossed face-on versus edge-on to = 0.25. If the evolution in Σ c, * is fast, γ = 3, the torus covering factor overwhelms that of ISM clouds. In this case, the obscured AGN fraction is expected to mildly increase up to z ≈ 1-2 and then stay almost constant. For γ = 2 instead, the rapid increase in the ISM covering factor with redshift is not washed out by the constant torus coverage, and an overall increase of the obscured AGN fraction toward early cosmic times is then expected. In Fig. 14 we compare the model curves for γ = 2 with the obscured AGN fractions measured in different X-ray samples for two different N H thresholds (10 22 and 10 23 cm -2 ). In addition to the X-ray samples already used in Sect. 5.3, we also considered the results from published AGN X-ray luminosity functions that try to correct for selection biases against heavily obscured sources ( Ueda et al. 2014;Aird et al. 2015;Buchner et al. 2015). As the fraction of obscured AGN depends on X-ray luminosity (Gilli et al. 2007;Hasinger 2008; see also the discussion above), we considered separately high-luminosity and low-luminosity AGN, using samples with intrinsic, median 2-10 keV luminosity logL X = 44 ± 0.3 erg s -1 for the highluminosity bin, or logL X < 43 erg s -1 for the low-luminosity bin.

The ISM model with γ = 2, combined with a torus with θ torus = 60 • (the expected opening angle at logL X ∼ 44; see above), is able to explain quantitatively the increase with cosmic time in the fractions of luminous AGN with N H > 10 22 cm -2 and N H > 10 23 cm -2 (see solid lines in Fig. 14). In Fig. 15 we show the same comparison for obscured AGN of lower luminosities (logL X ∼ 42.5 erg s -1 ). Here we also considered a recent update on the fraction of obscured AGN measured locally that is based on the BAT 100-month sample (Marchesi et al., in prep.). At these low luminosities, measurements of the obscured AGN fraction are clearly sparser and incomplete, especially toward high redshifts, but the same model of ISM plus torus absorption (this time using a torus opening angle θ torus = 45 • , as expected for low-luminosity AGN) provides a good match to the data.

Our results are subject to a number of uncertainties, both in the data and in the model, as discussed below. In Sect. 5.3, we mentioned that no preselection in their host stellar mass was originally applied to the X-ray AGN samples considered here. Nonetheless, we expect that the obscured AGN fractions would not change significantly when cutting the sample at M * > 10 10 M , as most AGN in those samples are likely hosted by massive galaxies. Also, because of the difficulties to detect Compton-thick AGN in sizable numbers, many studies just measure the fraction of obscured objects within the Compton-thin AGN population (logN H < 24). Assuming that the relative abundance of Compton-thick AGN is similar to what is assumed in the population synthesis model of the cosmic X-ray background of Gilli et al. (2007), we estimate that a plausible correction for the missing Compton-thick AGN would increase the total fractions of obscured AGN by ∆ f obsc ∼ 0.1 on average. Finally, although the observed increase in the obscured AGN fraction may look somewhat steeper than the expectations (Fig. 14), we note that the model curves are not meant to best-fit the data and may be adjusted by varying the input parameters. For instance, one could modify the face-on versus edge-on cloud number ratio , or introduce different density gradients in the cloud distribution along the galaxy disk thickness, to cope with the variations in the galaxy morphology across cosmic time, as the fraction of mergers and irregular systems is known to increase with redshift (Mortlock et al. 2013;Whitney et al. 2021). In addition, one cannot entirely rule out a redshift evolution of the torus covering factor, although this might be at odds with the lack of evolution in the UV/optical to mid-IR luminosity ratio observed in luminous QSOs at different redshifts (Bianchini et al. 2019) and discussed in Sect. 6.2. For example, the observed increase in the obscured AGN fractions shown in Fig. 14 could be also reproduced assuming that the fraction of ISM-obscured AGN does not evolve significantly (i.e., γ = 3), but that the torus half-opening angle evolves from θ torus = 60 • at z = 0 to θ torus = 45 • at z ∼ 4 (see, e.g., Fig. 13). Exploring the full model parameter space is, however, beyond the scope of this paper and is deferred to future work. With all this in mind, we believe that our combined, ISM plus torus model provides a good description of the observed trends: obscuration by the ISM alone would be too small to explain local data; torus obscuration only would not explain the observed increase toward early cosmic times.

Interestingly, such a model predicts that the fraction of obscured AGN is about 80-85% at z = 6 and > 90% at A17, page 16 of 21 z > 8 (∼50-55% of the systems being Compton-thick). That is, the bulk of SMBHs in the first 0.5-1 Gyr of the Universe are expected to be hidden by dust and gas distributed across all galaxy scales, from pc to kpc. Currently, we do not have any known example of such obscured systems. The best candidates to date may hide among the population of z ∼ 6 LBGs and QSOs discovered by the Subaru HSC surveys. Among the pub-lished 93 SHELLQs QSOs, 18 objects in fact exhibit narrow Lyα with FWHM < 500 km s -1 . Since the Lyα luminosity exceeds 10 43 erg s -1 , as in AGN-dominated systems (Sobral et al. 2018), they are tentatively classified as QSOs. The origin of these narrow line (NL) objects is, however, not entirely clear, since starforming galaxies could produce strong Lyα and high-ionization condition reminiscent to AGN (Nakajima et al. 2018a X-ray observations will be a viable method to reveal whether obscured QSOs really hide among them.

Comparison with other works

Buchner et al. ( 2017) used X-ray spectra of long gamma-ray burst (GRB) afterglows to derive ISM column densities in a sample of galaxies in the redshift range 0.5-3 with >90% redshift completeness and selected independently of their stellar mass (SHOALS sample; Perley et al. 2016). They found a positive correlation between ISM column density and galaxy stellar mass of the form N H,ISM ∝ M 1/3 * . The median column density of their high-mass sample with M * > 10 10 M , is logN H,ISM = 22.13 ± 0.10. This value was derived using GRB at random locations along galaxy disks, and would increase to log N H,ISM ∼ 22.4 (Eq. ( 17)) when seen from galaxy nuclei. This is already in agreement within a factor of ∼2 with the median ISM column density toward the nuclei of ASPECS galaxies, cut at the same mass threshold, and with a similar redshift range (logN H,ISM = 22.70 ± 0.10), but the agreement may further improve by considering that: (i) as reported in Perley et al. (2016), the GRB rate per unit star formation in the SHOALS sample is constant in galaxies with gas-phase metallicity below the solar value but heavily suppressed in more metal-rich environments. Therefore, the most massive and gas-rich galaxies may be under-represented in GRB-selected samples; (ii) as discussed in Sect. 5.2, the ASPECS sample only includes gas-rich galaxies detected by ALMA with M gas 3 × 10 9 M and, when accounting for ALMA-undetected galaxies, the true average column density of massive galaxies at z = 0.5-3 would likely decrease by a factor of ≈2. In summary, our ISM column density estimates are in good agreement with those of Buchner et al. (2017) for galaxies with similar stellar masses and redshifts. However, as opposed to Buchner et al. (2017), we found evidence that N H,ISM evolves with redshift even within the ASPECS sample, with typical values increasing by more than one dex from z = 0.5 to z = 3 (see, e.g., Fig. 9).

Recently, Masoura et al. (2021) analyzed the host galaxy properties of >300 X-ray selected AGN in the XMM-XXL survey (Pierre et al. 2016), without finding any strong correlation between AGN type (obscured vs. unobscured) and host physical properties. In particular, they found no correlation between the nuclear column density as estimated from X-ray colors (hardness ratios, HR) and star formation rate, and hence suggested that the obscuration is not related to the large-scale star formation in the galaxy, that is, to the host ISM. We note that our findings are not in contrast with those of Masoura et al. (2021). In fact, in our model both obscured and unobscured AGN share the same ISM content, and hence the same SFR, and the AGN type classification depends only on the chance that the line of sight to the nucleus is occulted by an ISM cloud. It is then the fraction of obscured AGN, rather than the AGN average column density, the quantity we expect to correlate more with SFR in a given population of galaxies.

Comparison with theory

In Fig. 9 we compared the redshift evolution measured for the ISM density with the expectations extracted by Buchner et al. (2017) from the Illustris-1 numerical simulation (Vogelsberger et al. 2014), which reaches spatial resolutions down to ∼50 pc. By using a ray tracing technique, Buchner et al. (2017) derived the average column density of ISM metals in simulated galaxies with different stellar masses and in different redshift bins. The metal column density was then converted to total ISM column density assuming solar abundances. Based on their Fig. 16, we inferred the evolution of the average ISM column density in the redshift range z = 0-3 at two fixed stellar masses, 10 10 and 10 11 M . Here we do not apply the factor of ∼2 correction to go from average to nuclear column density (as per Eq. ( 17)) since Buchner et al. (2017) perform their ray-tracing analysis starting from the densest regions of simulated galaxies, which are presumably those at galaxy centers. The agreement between the measured and the expected evolution of the ISM density of massive galaxies is very good in the range z ∼ 1-3. At lower redshifts, the simulated trend is just consistent with the upper limit we derived from the EDGE-CALIFA survey.

Recently, a series of simulations have investigated the ISM properties of galaxies at very high redshifts, and they all invariably found that in such early and compact systems, the ISM density toward galaxy nuclei is substantial. Trebitsch et al. (2019) performed a high-resolution, zoom-in simulation of a single massive BH/galaxy system in the early Universe starting from a cosmological hydrodynamical simulation with radiative transfer and accounting for AGN feedback. By z = 5.7, the mass of their simulated galaxy and BH reached M * ∼ 2.5 × 10 10 M and M BH = 1.4 × 10 7 M , respectively (the maximum AGN luminosity in the simulation is L X ∼ 10 43 erg s -1 ). With a spatial resolution as good as ∼7 pc, Trebitsch et al. (2019) found that, during AGN phases, when the gas is funneled toward the galaxy center, its distribution within 40 pc from the BH hides most of the lines of sight to it. Further, they find that gas distributed up to kpc scales can contribute to the total column density and obscuration at a level that is comparable to the innermost gas. Similar results were found by Lupi et al. (2022) in another highresolution, zoom-in simulation of an early, more massive system (M * = 10 10 M , M BH ∼ 6 × 10 8 M ), in which they were able to A17, page 18 of 21 follow the evolution of gas in different phases. They found that most obscuration is produced by molecular gas distributed over a-few-hundred-parsec scales. The covering factor of gas with column densities above 10 22 cm -2 is 0.5-0.6 at z = 7 and rapidly goes to unity at z ∼ 8, when the gas disk of the host galaxy has still to settle and AGN feedback has still to clear the BH surroundings.

Moving from high-resolution, zoom-in to lower-resolution, large-volume simulations, Ni et al. (2020) investigated the host properties of the QSO population at z ≥ 7 in Blue Tides (Feng et al. 2016). With a spatial resolution of a few hundred parsecs at z ∼ 7, they found that the host galaxies of high-z AGN feature compact ISM distributions (∼1-2 kpc half-mass radius for the molecular component) whose column density can reach values as high as Compton-thick for massive (M * > 10 10 M ) systems. In the simulation, the onset of QSO feedback clears a significant portion of the solid angle to galaxy nuclei, yet ∼90% of luminous (L X > 10 44 erg s -1 ) AGN at z = 7 are expected to be observed along lines of sight with ISM column densities larger than 10 23 cm -2 . This fraction is predicted to be even higher at earlier times. Overall, the results from numerical simulations are consistent with those of our models with γ = 2, and would point to a dominant, yet undiscovered, population of hidden SMBHs at cosmic dawn.

6.6. Diffuse hard X-ray nebulae and other diagnostics of ISM-obscured, high-z AGN At high-z, the interaction of nuclear photons with the dense ISM clouds may produce detectable diffuse hard X-ray emission across the entire host galaxy. Hard X-ray nebulae around the nuclei of local Seyfert 2 galaxies are now routinely discovered (Ma et al. 2020;Jones et al. 2021). The first such evidence was presented by Iwasawa et al. (2003) for NGC 4388.

On top of a larger, diffuse soft X-ray emission produced by photo-ionized gas, they also found X-ray emission at E > 4 keV extending up to a few kiloparsecs from the nucleus. Remarkably, they also found extended Fe Kα emission at 6.4 keV on the same scales, which points to emission from cold, lowionization medium. In another local Seyfert 2 galaxy, ESO 428-G014, Fabbiano et al. (2017) found similar evidence for kiloparsec-scale diffuse hard X-rays, including Fe Kα photons. The extended component is responsible for at least 1/4 of the observed 3-8 keV emission, and represents ∼0.5% of the intrinsic X-ray nuclear power. Fabbiano et al. (2017) estimated that a uniform scattering medium with density of 1 cm -3 and N H = 3.5 × 10 21 cm -2 is needed to reproduce the extended hard Xray luminosity. Alternatively, denser molecular clouds in the galaxy disk may do the job. Our results indicate that the ISM column and volume density of high-z galaxies are far larger than those observed locally, for instance by 2-3 dex at z = 3, providing larger reprocessing efficiencies of nuclear X-ray photons. This suggests that prominent hard X-ray nebulae extending on scales comparable with the size of the AGN host galaxies may be observed in high-z systems. Clearly, high-resolution X-ray imaging is needed. The typical half-light radius of massive starforming galaxies at z = 3 is ∼2 kpc (Allen et al. 2017), which corresponds to a half-light diameter of 0.52 . This is equal to the angular resolution (half energy width, HEW) of Chandra. Therefore, one may hope to marginally resolve hard X-ray and Fe Kα emission in distant AGN, either individually, if they are sufficiently bright, or through stacking experiments. Recently, Yan et al. (2021) performed a spectral stacking experiment with Chandra on two samples of massive (M * > 10 10 M ) galaxies at 0.5 < z < 2 in the 7Ms CDFS with different star formation rates. They found a stronger Fe Kα line in the stacked spectrum of highly star-forming galaxies, and interpret this result as possible evidence for enhanced X-ray reflection linked to the cold, star-forming gas on galaxy scales. While this is in support of the widespread existence of diffuse X-ray nebulae, confirmation through the analysis of the X-ray spatial extension is needed.

Next-generation X-ray missions are not expected to improve on the Chandra image quality. Athena, the large class mission accepted by ESA and planned for the 2030s (Nandra et al. 2013), would reach 5 HEW at best. The Lynx (The Lynx Team 2018) and AXIS [START_REF] Mushotzky | Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray[END_REF]Marchesi et al. 2020) mission concepts proposed to NASA aim at angular resolutions comparable to that of Chandra with ∼10-30× larger collecting areas. The photon statistics might then compensate for the lack of improved resolution, allowing for an accurate analysis of the source surface density profile in comparison with the instrumental point spread function. Ultimately, this may allow for the detection of ISM-induced, diffuse hard X-ray halos in distant AGN beyond their point-like, nuclear emission.

In addition to diffuse X-ray nebulae, the interaction of nuclear photons with the ISM in high-z QSOs may leave an imprint in the FIR colors of their hosts. For example, based on numerical simulations, Di Mascia et al. (2021) showed that most of the UV radiation in z ∼ 6 QSOs may be obscured by dust in their host galaxies on scales of a few hundred parsecs. The AGN radiation would heat some of the dust in the ISM to temperatures of 200 K and more, producing warmer MIR-to-FIR colors than in normal star-forming galaxies at the same redshifts. In principle, hidden QSOs at z ∼ 6 may be discovered though a combination of data from the mid-IR instrument (MIRI) onboard the James Webb space telescope (JWST) at ∼25 µm (F2550W filter) and ALMA data in band 6÷7 (corresponding to ∼4 µm and ∼120 ÷ 160 µm rest-frame, respectively). The resolution of JWST/MIRI data (∼0.9 , i.e., ∼5 kpc at z = 6) is, however, not sufficient to resolve the dust emission in the QSO host, as the typical half-light radius of the dust continuum is expected to be around 1 kpc (see Fig. 4 center). Therefore, it will not be possible to determine whether warm dust colors extend across the whole host galaxy or are just limited to its nucleus (i.e., to the torus). Wide-field slitless spectroscopy at 3.5 µm with JWST/NIRCam is expected to be another way to discover hidden QSOs at z = 6, for instance through the detection of emission lines at optical rest-frame wavelengths such as Hα, [N ii], [O iii], Hβ, which are also key diagnostics for the gas ionization state. Subsequent follow-up observations with JWST/NIRSpec in IFU mode at 0.13 (700 pc) resolution at the same wavelength may probe the morphology of the line emission in the most extended systems, allowing for spatially resolved maps of the ISM ionization state. This would reveal whether the ionization maps are patchy and irregular, as it may be expected from large-scale obscuration by ISM clouds, or instead show a classic bi-conical structure as in local AGN obscured by a parsec-scale torus (Maksym et al. 2017;Venturi et al. 2018).

From the ground, near-IR integral field spectrographs assisted by adaptive optics (AO) modules may also provide spatially resolved maps of the hosts of ISM-obscured, high-z QSOs. At z = 6, near-IR spectroscopy in the ∼1-2.4 µm range samples emission lines at UV-rest wavelengths, such as C iv, C iii], He ii, [Ne v]. UV-line ratios have been demonstrated to be a valuable alternative to standard optical diagnostic diagrams to probe AGN activity at high redshift (Feltre et al. 2016;Nakajima et al. 2018b;Mignoli et al. 2019). The AO-assisted near-IR ERIS-SPIFFIER spectrograph [START_REF] Davies | Ground-based and Airborne Instrumentation for Astronomy VII[END_REF]), expected to be A17, page 19 of 21 operational at the VLT by the end of 2022, will be able to deliver UV-line ratio maps spatially resolved on scales of a few hundred parsecs at z = 6. In the future, HARMONI (Thatte et al. 2021) at the ELT will provide similar maps at the same redshifts, but with ∼60 pc resolution.

Finally, FIR emission lines are another way to probe hidden high-z quasars and determine the distribution and the physical conditions of the cold ISM in their hosts. Vallini et al. (2019) used a semi-analytic model to investigate the effects of AGN irradiation on the physics of giant molecular clouds distributed in the host ISM. They considered different system geometries, including one featuring a small-scale torus and ISM clouds distributed in a galaxy disk similar to that used in this work. In general, they found that the CO spectral line energy distribution (CO SLED) -that is, the CO line luminosity as a function of rotational quantum number J -is strongly affected by the Xray irradiation from the AGN, as X-ray photons penetrate deeper into molecular clouds heating their cores to higher temperatures and increasing the luminosity of CO transitions with J 5. The excitation of high-J CO lines increases with X-ray luminosity (and with the system compactness). For instance, CO(7-6)/[C ii] line luminosity ratios as high as ∼0.1 can only be observed in systems hosting QSOs with L X 10 45 erg s -1 . ALMA observations at very high resolution (e.g., 0.03 , or 200 pc at z = 6, see, e.g., Walter et al. 2022) may then track the spatial variations of these line ratios and test how far from the galaxy center the QSO radiation is being absorbed by giant molecular clouds.

Conclusions

We combined samples of massive (M * > 10 10 M ) galaxies observed with ALMA to measure the cosmic evolution of the ISM density and assess its role in hiding SMBHs at early epochs. We considered ALMA-detected objects in the ASPECS and ALPINE large programs, as well as in individual observations of z ∼ 6 QSO hosts. We then corrected for selection effects and derived the ISM density evolution for the whole population of massive galaxies. We also developed a simple analytic model for the ISM cloud distribution to estimate the covering factor of galaxy nuclei due to the large-scale ISM in addition to that of parsec-scale, circumnuclear material. Our main results are as follows:

-We used different tracers for the total ISM mass (dust continuum and [C ii] emission) and different proxies for its spatial extent (UV/optical stellar size, [C ii] size) to derive the ISM surface density Σ gas in our galaxy samples. By assuming that most galaxies are disks with exponential ISM density profiles, we estimated that the average column density seen at galaxy centers is N H,ISM ∼2 × Σ gas (Eq. 17).

-We found that the median ISM column density evolves as ∼(1 + z) 3.3 over the redshift range z ∼ 0 -6 (Fig. 9). This means that the ISM obscuration toward the nucleus of a z > 3 galaxy is typically > 100 times larger than in local systems. At z 6, the ISM may even be Compton-thick.

-In massive galaxies the ISM is metal rich, and, at z 2, its median column density is similar to what is typically measured in AGN X-ray spectra (Fig. 10). This suggests that the metal content in the ISM of distant galaxies is large enough to absorb significantly the X-ray radiation from the galaxy nucleus.

-Based on the size, mass, and surface density distributions observed for molecular clouds in the Milky Way, we built an analytic model to describe the covering factor toward galaxy nuclei of ISM clouds with different column densities. The model allows for an evolution in the characteristic cloud surface density with redshift, Σ c, * ∝ (1 + z) γ . We found that the rate at which the fraction of ISM-obscured nuclei (i.e., the cloud covering factor) increases with redshift anticorrelates with γ (Fig. 11): in fact, if Σ c, * increases steeply with redshift, then fewer clouds are needed to match the total, volume-averaged ISM column density observed at high redshifts.

-We included in our galaxy-scale, ISM-obscuration model the contribution from a parsec-scale torus, assuming its covering factor decreases with increasing AGN luminosity as observed locally. We found that, for γ = 2, such a model successfully reproduces the increase of the obscured AGN fraction with redshift that is commonly observed in deep X-ray surveys, both when different absorption thresholds (10 22 , 10 23 cm -2 ) and AGN X-ray luminosities (10 42.5 , 10 44 erg s -1 ) are considered (Figs. 14,15).

-Similarly to what is found by recent numerical simulations, our results suggest that 80-90% of SMBHs in the early Universe (z > 6-8) are hidden to our view, largely because of the ISM in their hosts. This would prevent standard UV-rest color selection for most SMBHs growing at early epochs.

Discovering hidden SMBHs in the early Universe and testing whether they are obscured by their host ISM are extremely challenging tasks, which may nonetheless be tackled efficiently with state-of-the-art or forthcoming facilities. For example, spatially resolved maps of emission line ratios at rest-UV, optical, and FIR wavelengths are all promising tools that rely on data from the VLT (in the future E-ELT), JWST, and ALMA, respectively. In addition, the diffuse, hard X-ray glow expected from the interaction of central AGN photons with the global galaxy-scale ISM may be resolved by next-generation imaging X-ray missions if these are designed to have sub-arcsec resolution optics.

Fig

  Fig.3. Distribution of the minimum blackbody temperature T min required to explain the observed 1.2 mm brightness of z ∼ 6 QSOs. TheVenemans et al. (2020) and SHELLQs samples are shown in brown and purple, respectively. Note that the 1.2 mm emission on approximately kiloparsec scales of a few bright objects can only be reproduced by hot dust with T d > 50-100 K. We used T d = 47 K, a standard reference value used in the literature (e.g.,Venemans et al. 2020), to derive the dust masses of all QSOs with T min < 47 K. For hotter systems, we used T d = 1.2T min (see text for details).

  and of z ∼ 6 QSO hosts by means of the [C ii] line luminosity and the Zanella et al. (2018) calibration: M gas /M = 31 × L [C ii] /L . The [C ii]-based gas masses are generally consistent with those derived from the dust continuum (see left panel of Fig. 4).

Fig. 5 .

 5 Fig.5. Edge-on sketch of the adopted disk galaxy geometry. The darker shading reflects the higher ISM density of the assumed exponential profile.

Fig. 6 .

 6 Fig. 6. Comparison between the ISM column densities toward the nucleus of ASPECS galaxies derived by assuming a fixed, average galaxy orientation (θ * = 57.3 deg) vs. those derived from individual galaxy orientations θ. The inset shows the distribution of the ∆logN H,ISM values: a Gaussian fit (dashed curve) is centered at about 0 (dotted line) and has rms ∼ 0.15 dex.

Fig. 7 .

 7 Fig. 7. Variation of the average number of ISM clouds along a given line of sight to the nucleus as a function of the viewing angle θ (90 • is edge on) for a typical massive galaxy with M gas ∼ 10 10 M at z = 2.5.

Fig. 8 .

 8 Fig. 8. Obscured AGN fraction as a function of τ, the average number of clouds along edge-on views, and , the ratio between the average number of clouds seen face-on vs. edge-on.

  n o (Σ c ) and n o (R c ) are the volume density of clouds at the galaxy center per unit Σ c and R c , respectively, I(R c, * ) = n(R c )dR c , and I(Σ c, * ) = n(Σ c )dΣ c . Miville-Deschênes et al. (

  4 × 10 9 M , Miville-Deschênes et al. 2017), the model recovers the total number of clouds within a factor of ∼1.5-2. Furthermore, the model reproduces the inner Milky Way cloud distribution in the R c versus M c plane. The observed distribution is indeed well fit by the relation M c ∝ R 2.2±0.2 c and peaks at [R c ∼ 35 pc, M c ∼ 3 × 10 5 M ], whereas in the model M c ∝ R 2 c by definition, and the distribution peak is found at [R c ∼ 30 pc, M c ∼ 1.5×10 5 M ].

  lie on the main sequence. Since quiescent, gas-poor systems represent only a few percent of the whole population of massive galaxies at z > 3 (Girelli et al. 2019), we con-sider the median N H,ISM estimated above as representative of the whole population. Out of the 27 galaxies with M * > 10 10 M in the ALPINE sample of Fujimoto et al. (2020), 21 were detected in [C ii].

  2.1): in fact, fewer than 3% of the >700 objects in Scoville et al. (2017) have masses below 10 10 M and 1% have A17, page 14 of 21

Fig. 11 .

 11 Fig. 11. Expected redshift evolution of the ISM-obscured AGN fraction. Blue curves consider a slower (γ = 2) increase with redshift of the characteristic cloud density Σ c, * . Red curves assume a faster increase (γ = 3). Labels refer to different thresholds in log column density (see text for details).

Fig. 12 .

 12 Fig. 12. Edge-on view of the considered geometry for the ISM clouds and the torus (not to scale).

Fig. 13 .

 13 Fig. 13. Total fraction of obscured AGN with logN H > 22 (left panel) and logN H > 23 (right panel) vs. redshift for different combinations of large-scale (ISM) and small-scale (torus) obscuration. All curves are for δ = 3.3 and = 0.25. The characteristic surface density Σ c, * of ISM clouds is assumed to evolve as ∝ (1 + z) γ , with γ = 2 (blue curves) or γ = 3 (red curves). Short dashed lines refer to ISM-only obscuration (i.e., no torus considered, as in Fig.11). Long dashed and solid lines show the total obscured AGN fraction when adding a torus with half-opening angle θ torus = 45 • and 60 • , respectively. The horizontal dotted lines show the obscured AGN fraction expected by torus-only obscuration.

Fig. 14 .

 14 Fig. 14. Total fraction of obscured AGN with logN H > 22 (left panel) and logN H > 23 (right panel) vs. redshift measured in different X-ray samples (see labels) and compared with model curves of large-scale (ISM) plus small-scale (torus) obscuration. Only samples with median logL X ≈ 44 have been considered here (see text for details). Curves have the same meaning as in Fig. 13. The model with γ = 2 and θ torus = 60 • (thick solid blue line) provides a good representation of the data.

Fig. 15 .

 15 Fig. 15. Total fraction of obscured AGN with logN H > 22 vs. redshift observed in different X-ray samples of low-luminosity AGN (logL X ≈ 42.5; see text for details). Model curves are as in Fig. 14. The model with γ = 2 and θ torus = 45 • (thick dashed blue line) provides a reasonable representation of the data.

Table 1 .

 1 Summary of the galaxy samples with M * > 10 10 M and reliable size estimates used in this work (see text for details).

	Parent sample	Redshift Band	Wav. (mm)	rms (µJy)	N det cont.	N det [C ii]	Ref.
	(1)	(2)	(3)	(4)	(5)	(6)	(7)	(8)
	ASPECS	0.4-2.8	6	1.2	10	32	-	Aravena et al. (2020)
	COSMOS	3.2-3.6	6	1.3	10-50	6	-	Suzuki et al. (2021)
	ALPINE	4.1-5.9	7	0.85,1.05 28-50	7	9	Fujimoto et al. (2020)
	High-Lum QSOs 5.7-7.6	6	1.2	50-200	27	27	Venemans et al. (2020)
	SHELLQs	5.9-6.4	6	1.1,1.2	10-20	6	7	Izumi et al. (2018, 2019)
	Notes. Columns: (1) Parent survey or sample; (2) Redshift range; (3) ALMA detection band; (4) Observed wavelength; (5) Continuum rms;
	(6) Number of continuum detections; (7) Number of [C ii] detections; (8) References.		

The average QSO luminosity varies by less than a factor of

from the lowest to the highest redshift bin.
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