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 Accepted 13 April 2023 Received 07 April 2023 in original form 14 July 2022 ABSTRACT Pristine, atomically-cooled haloes may be the sites of primordial quasar formation because atomic cooling triggers rapid baryon collapse that can create 104 - 105 M0black hole seeds. However, no numerical simulation has ever followed the collapse of these haloes for the times required to form supermassive stars and direct-collapse black holes (DCBHs). We have now modeled baryon collapse in atomically-cooled haloes with a wide range of spin parameters and assembly histories for times that are sufficient for DCBH formation. Fragmentation of accretion disks after ~ 500 kyr is nearly ubiquitous in these haloes and in most cases leads to the formation of binary or multiple supermassive stellar systems. They also confirm that rapid baryon collapse proceeds for the times required for these stars to form DCBHs. Our simulations suggest that binary or even multiple DCBH formation was the rule rather than the exception in the primordial Universe. Key words: quasars: general - black hole physics - early universe - dark ages, reionization, first stars - galaxies: formation - galaxies: high-redshift 1 INTRODUCTION Hot, atomically-cooled primordial haloes at z ~ 15 - 20 may have been the birthplaces of the earliest quasars in the universe, more than 200 of which have now been discovered at z > 6 (e.g., Fan et al. 2003), including nine at z > 7 (Mortlock et al. 2011; Baiiados et al. 2018; Matsuoka et al. 2019; Yang et al. 2020; Wang et al. 2021). In this picture, primordial haloes grow to masses of 10 7 - 108 M0 and reach virialtemperatures of ~ 104 K without ever having formed a primordial (Pop III) star, either by being immersed in strong Lyman-Werner (LW) UV backgrounds that destroy all their H2 (e.g., Agarwal et al. 2012; Yue et al. 2014; Dijkstra et al. 2014; Johnson et al. 2014; Schauer et al. 2015, 2017a) or in highly supersonic baryon streaming motions that delay the collapse of the halo even if H2 is present (Tseliakhovich & Hirata 2010; Greif et al. 2011; Stacy et al. 2011; Schauer et al. 2017b; Hirano et al. 2017). Virial temperatures of 104 K trigger atomic cooling that leads to catastrophic baryon collapse at infall rates of~ 0.1 - 1 M0 yr- 1. Stellar evolution models predict that such flows, if they persist, would * E-mail: spatrick@ed.ac.uk 
© 2020 The Authors build up cool, red supermassive stars (SMSs) before dying as 100,000 - 300,000 M0 direct-collapse black holes (DCBHs; e.g., Hosokawa et al. 2013; Umeda et al. 2016; Woods et al.2017; Haemmerle et al. 2018a; Woods et al. 2021b; Herrington et al. 2023). However, it has now been shown that the rare, turbulent haloes that have been shown to form quasars by z ;::; 6 in large-scale cosmological simulations (Di Matteo et al. 2012, 2017; Lupi et al. 2019; Valentini et al. 2021; Lupi et al. 2021) produced DCBHs without UV backgrounds, supersonic baryon streaming motions, or even atomic cooling (Latif et al. 2022). DCBHs are currently the leading candidates for the seeds of the first quasars because ordinary Pop III star BHs are only a few tens to hundreds of solar masses at birth (e.g., Hirano et al. 2014, 2015) and form in low densities that preclude rapid initial growth (Whalen et al. 2004; Kitayama et al. 2004; Alvarez et al. 2009; Whalen & Fryer 2012; Smith et al. 2018). In contrast, DCBHs can grow much more rapidly because they are born in dense environments in massive host haloes capable of retaining their fuel supply, even when it is heated by X-rays (Johnson et al. 2013). Runaway stellar collisions in dense, marginally-enriched clusters can create BHs of up to a few thousand solar masses (Devec-




























