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ABSTRACT

The cosmic history of supermassive black hole (SMBH) growth is important for understanding galaxy evolution, reionization
and the physics of accretion. Recent NuSTAR, Swift-BAT and Chandra hard X-ray surveys have provided new constraints on the
space density of heavily obscured Active Galactic Nuclei (AGN). Using the new X-ray luminosity function derived from these
data, we here estimate the accretion efficiency of SMBHs and their contribution to reionization. We calculate the total ionizing
radiation from active galactic nuclei (AGN) as a function of redshift, based on the X radiation and distribution of obscuring
column density, converted to UV wavelengths. Limiting the luminosity function to unobscured AGN only, our results agree
with current UV luminosity functions of unobscured AGN. For realistic assumptions about the escape fraction, the contribution
of all AGN to cosmic reionization is ~ 4 times lower than the galaxy contribution (23% at z ~ 6). Our results also offer
an observationally constrained prescription that can be used in simulations or models of galaxy evolution. To estimate the
average efficiency with which supermassive black holes convert mass to light, we compare the total radiated energy, converted
from X-ray light using a bolometric correction, to the most recent local black hole mass density. The most likely value, n ~
0.3 — 0.34, approaches the theoretical limit for a maximally rotating Kerr black hole, 7 = 0.42, implying that on average growing
supermassive black holes are spinning rapidly.

Tonima.Ananna@dartmouth.edu
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1. INTRODUCTION

Understanding the cosmological growth of black holes in
active galactic nuclei (AGN) is important for understanding
the co-evolution of supermassive black holes and galaxies
(see Alexander & Hickox 2012 for a review) because modern
theories of galaxy evolution usually invoke energy injection
by AGN (e.g., Genel et al. 2014; Somerville & Davé 2015).
An accurate history of AGN energy deposition can reduce
uncertainties in those models. AGN radiation also makes a
potentially significant contribution to reionization in the early
universe. Furthermore, comparing the total light emitted by
AGN to the mass accreted over time yields an estimate of
the accretion efficiency of black holes (Soltan 1982; Small &
Blandford 1992). This radiative efficiency offers insight into
the physics close to the black hole since, according to stan-
dard accretion disk theory, black hole spin determines the
radius of the innermost stable circular orbit (Page & Thorne
1974).

These important issues relate to the total light emitted by
AGN, which is derived from the space density of AGN as a
function of redshift, luminosity and obscuration, along with
an appropriate bolometric correction. An unbiased measure-
ment of the space density of AGN requires accounting for
heavily obscured AGN. Many lines of evidence suggest that
AGN undergo a prolonged period of obscured growth—for
example, this is required to reproduce the shape of the cosmic
X-ray “background” spectrum (e.g., Comastri et al. 1995;
Gilli et al. 2001; Treister et al. 2004; Ananna et al. 2020).
While optical and ultraviolet (UV) light are heavily absorbed
by dust, hard X-rays can escape even heavily obscured AGN;
X-ray surveys are also highly efficient (Hickox & Alexander
2018) in detecting AGN because X-ray luminosities above
Ly jokey > 10%2 erg/s are easily distinguished from star
forming contaminants. At high energies (E > 10 keV), in par-
ticular, X-ray observatories such as NuSTAR (Harrison et al.
2013) and the Neil Gehrels Swift Observatory’s Burst Alert
Telescope (BAT; Barthelmy et al. 2005) produced a largely
unbiased census of black hole growth (Harrison et al. 2016).
Many previous works have estimated the intrinsic space den-
sity of AGN based on soft X-ray data (< 3 keV; Maccacaro
et al. 1991; Boyle et al. 1993; Comastri et al. 1995; Jones
et al. 1997; Page et al. 1997; Miyaji et al. 2000; Gilli et al.
2001). Higher energy X-ray surveys yield higher space den-
sities of obscured objects (Boyle & Terlevich 1998; Cowie
et al. 2003; Ueda et al. 2003; Gilli et al. 2007; Treister et al.
2009, 2010; Ueda et al. 2014; Aird et al. 2015; Buchner et
al. 2015); however, these XLFs were constrained before the
newest data from NuSTAR and Swift-BAT 70-month survey
became available. The sensitivity of NuSTAR and Swift-BAT
at energies £ > 10 keV gives a much more unbiased view of
the AGN population in terms of obscuration, and incorporat-

ing these new data gives us an unprecedented opportunity to
construct an unbiased census of SMBH growth.

In Ananna et al. (2019, henceforth A19), we constrained
the space densities of AGN up to redshift z ~ 5 over the
luminosity range Ly_jo ey = 10*! erg/s —10*7 erg/s, at ob-
scuration levels (quantified by equivalent hydrogen column
density) log (Ny/cm™2) = 20 — 26, using X-ray data from
Swift-BAT, NuSTAR, XMM-Newton (Jansen et al. 2001) and
Chandra (Weisskopf et al. 2002). We were able to satisfy
simultaneously more than a dozen new observed constraints
(summarized in Table 1 of A19) that previous X-ray lumi-
nosity functions (XLFs) could not. Compared to previous
works, the A19 XLF includes a larger fraction of obscured
objects, with Compton-thick objects comprising roughly half
the AGN population.

In this paper we use the A19 XLF to quantify the radia-
tive history of AGN and the spin and radiative efficiency of
accreting supermassive black holes, taking into account the
dispersion in X-ray-to-bolometric correction by marginaliz-
ing over the uncertainty in conversion, and using the most up-
to-date local black hole mass density (Shankar et al. 2019).

We also use the A19 XLF to explore the contribution of
AGN to the cosmic reionization budget. As the number of
faint AGN at high redshifts is uncertain, due both to intrin-
sically low luminosities and to obscuration, this quantity has
been difficult to establish. Kashikawa et al. (2015) and Onoue
et al. (2017) evaluated the faint end of the luminosity function
using a handful of rest-frame optical/UV-selected quasars at
z ~ 6, concluding that they contribute 1-12% of the ion-
izing photon budget at that redshift even if the escape frac-
tion of photons into the intergalactic medium (IGM) is unity.
Shankar & Mathur (2007) and Ricci et al. (2017) also found
a similar contribution to reionization by AGN using X-ray
surveys. In contrast, Giallongo et al. (2015), based on their
faint-end UV luminosity function at 4 < z < 6.5, concluded
that AGN alone could produce enough ionizing photons. Pre-
vious works, such as Ricci et al. (2017), considered the con-
tribution to reionization from X-ray detected objects with
log (Ny/cm?) < 22. It is possible that Compton-thin and
Compton-thick objects could also contribute significantly to
reionization in a purely unified scheme, wherein on average
all AGN have the same opening angle and therefore a con-
stant escape fraction. It is also possible that at least some
obscured AGN reside in different environments and have dif-
ferent escape fractions. In this work, we consider both sce-
narios.

Another source of uncertainty in using an XLF to estimate
the AGN contribution to reionization is the scatter in the X-
ray-to-UV conversion. To address this issue, we marginalize
over the dispersion in the conversion factor.

While previous works have computed the reionization con-
tribution (e.g., Ricci et al. 2017) or calculated the radiative ef-



RADIATIVE EFFICIENCY AND REIONIZATION CONTRIBUTION 3

ficiency (e.g., Shankar et al. 2019), they were based on XLFs
that fail to match the new NuSTAR and Swift-BAT results, as
well as the Compton-thick constraints from deep Chandra-
COSMOS data (Civano et al. 2015; Lanzuisi et al. 2018). The
A19 XLF incorporates these new constraints and thus pro-
vides new information about the total radiation from AGN.

Specifically, Compton-thick number densities have been
quite uncertain over the last decades, in part because of in-
sufficient high energy X-ray data. For example, the Ueda
et al. (2014) sample lacked enough Compton-thick objects
to constrain their number densities, so they simply assumed
that the number densities of Compton-thin and Compton-
thick objects were equal. Shankar et al. (2019) explored
the effect of doubling the Compton-thick space densities for
U14; however, much higher space densities of Compton-
thick objects are required to fit the newest constraints (see
Figure 10 of A19). Similarly, the faint AGN number counts
from lower energy bands, such as very deep Chandra fields
disagree with previous luminosity functions (see Fig. 12 of
A19), as do the overall number counts and Ny distributions
for unabsorbed and Compton-thin objects from Swift-BAT
(see Fig. 10 in A19; previous luminosity functions fail above
log Ny > 21 atoms/cm?). Only the A19 XLF fits the full
sweep of data now available. The present work explores
what this new, highly constrained XLF means for radiative
efficiency and AGN contribution to reionization.

Our method and findings are structured as follows: § 2 de-
scribes how we derive accretion history, efficiency and reion-
ization from the XLF; in § 3 we report our results; and in
§ 4 we discuss these results. We adopt a flat cosmology with
Q,=03,Q,=0.7and h =0.7.

2. METHOD

The A19 XLF, which fits all currently available X-ray con-
straints, is used in this work to estimate the radiative effi-
ciency of black hole accretion and calculate the overall AGN
contribution to reionization. In this section, we briefly de-
scribe how radiative efficiency and cosmic reionization are
calculated from the XLF.

2.1. Cosmic History of Supermassive Black Hole Growth

As supermassive black holes accrete material, they emit
radiation across most of the electromagnetic spectrum. The
A19 XLF gives the space density of AGN as a function of 2-
10 keV luminosity, redshift, and obscuring column density,
®O(Lx, z, Ni). Integrating over the latter for Ny < 10%* atoms
cm™2, and over various ranges in luminosity, we obtain X-
ray luminosity density as a function of redshift (solid lines in
Fig. 1). The colored lines predicted by the A19 XLF, which
fit the data well, show that peak luminosity density occurs
at higher redshifts for higher luminosities, as found previ-
ously by Brandt & Hasinger (2005), Hasinger (2008), Ueda
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Figure 1. Luminosity density as a function of redshift, calcu-
lated from the A19 luminosity function. The light from AGN with
Ny < 10%* atoms cm™2 (solid lines) matches well the observed
data (from Figure 12 of Ueda et al. 2014). Compton-thick AGN
(Ny > 10** atoms cm™2) represent a comparable contribution to the
total light (included in the dashed lines) but have been generally
missed by rest-frame UV or soft X-ray surveys. Black lines repre-
sent total AGN light integrated over all luminosities, while colored
lines correspond to luminosity bins denoted in the label.

et al. (2014), and Miyaji et al. (2015). Integrating over all
Ny adds Compton-thick objects, which are mostly missed by
rest-frame UV or soft X-ray surveys, roughly doubling the
emitted radiation (dashed lines in Fig. 1).

The light emitted is connected to the rate of mass accreted
onto the black hole via the relationship L = (i + fiin) Mace€?,
where 7 is the radiative efficiency of the supermassive black
hole (SMBH), 7, corresponds to the accretion energy that
goes into relativistic jets or fast winds (Shankar et al. 2008;
Merloni & Heinz 2007; La Franca et al. 2010), L is the bolo-
metric luminosity, and M, is the mass accretion rate. Soltan
(1982) was the first to estimate the radiative efficiency of
black hole accretion in this way (without the kinetic term).
We note that mergers can also increase SMBH mass, mean-
ing that the summed mass of all SMBH seeds should properly
be subtracted from the local black hole mass density before
estimating accretion efficiency; however, current estimates
suggest this fixed term is a small fraction of the local SMBH
mass density (Volonteri et al. 2005; Berti & Volonteri 2008;
Shankar et al. 2009, 2010; Li et al. 2012; Shankar et al. 2013;
Aversa et al. 2015), so we ignore it here.

Theoretically, if the angular momentum and spin of a
rapidly rotating system are aligned, the radiative efficiency
can reach n =~ 0.42, whereas the theoretical limit for non-
rotating black holes is 0.057 (Thorne 1974). Following the
Soltan argument, previous works have produced estimates
of the average radiative efficiency over cosmic time in the
range i1 ~ 0.05 — 0.1 (e.g., Chokshi & Turner 1992; Small &
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Blandford 1992; Yu & Tremaine 2002; Marconi et al. 2004;
Shankar et al. 2004; Cao & Li 2008; Cao 2010; Li et al. 2012;
Ueda et al. 2014), depending on the AGN luminosity func-
tion and black hole mass density assumed. These low val-
ues were interpreted as an indication that maximally-rotating
Kerr black holes do not dominate the population.

As per the Soltan argument, the mass density of SMBH at
a certain redshift is the result of accretion over earlier cos-
mic times. Specifically, for a bolometric AGN luminosity
function ®(L, z), where L is the bolometric luminosity, the
accumulated mass density is given by:

ZS Linax 1 — _ in L dl
p(2) = f f %@(L ddlog LY dz, (1)
z L, nc dz

min

where zs is the upper redshift limit at which substantial black
hole growth begins. The A19 luminosity function is con-
strained using data up to a redshift of z ~ 5 but we extrapo-
late the space densities to redshift zg = 6, and integrate over
bolometric luminosities 10> — 10°° erg/s. We note that the
narrower integration interval in luminosity (i.e., 10¥ — 10*
erg/s) used by Shankar et al. (2019) leads to a slightly lower
radiative efficiency than the one we report below. We con-
verted X-ray luminosity to bolometric using the most updated
luminosity-dependent correction from Duras et al. (2020).

In previous works (e.g., Shankar et al. 2019), ¢(log Ly, 2)
dlog Ly, was calculated as follows:

dlog Ly

log Ly, 2)d10og Ly = ¢(log Ly, 7)) —————
¢(log Lpor, 2)d 10g Ly = ¢(log XZ)dlong(,l

dlog Ly,

2)
where the derivative, ;ll(:)ggLLb X] , depends on the relations, Ly, =

Kx(Lx) Lx or Ly, = Kpoi(Lpor) Lx (see Marconi et al. 2004,
Hopkins et al. 2007 and Duras et al. 2020 for examples). To
take into account the dispersion in the L, to Lx conversion,
we used the approach outlined by Georgantopoulos & Akylas
(2010):

1
®(log Lyy) = f ®(log Lr—10kev) (—]
O-IOth‘,l \/ZT

—[log Lyor = {10g Lioi(La-10kev )]’
oxp [log Ly (ofzg bol(L2-10kev))] dLy 1oy, (3)

g,
log Lol

We use the bolometric conversion presented in Duras et al.
(2020) as the average value for X-ray to bolometric conver-
sion, and estimate an empirical dispersion, ooez,, = 0.2,
from Figure 4 of Duras et al. (2020).

Assuming no dependence of radiative efficiency on red-
shift, mass, or luminosity, the right-hand side of Equation 1
varies linearly with % Some authors have reported

Min = 0.1 (Merloni & Heinz 2007; Shankar et al. 2008;

La Franca et al. 2010; Ghisellini et al. 2013), while Zubo-
vas (2018) suggests it might be higher. Others have reported
much lower kinetic efficiency, nxin = 0.03 (Gaspari & Sad-
owski 2017). Following Shankar et al. (2019), we considered
two values, 0 and 0.15, that bracket this range in order to ex-
plore how kinetic efficiency might affect the average radiative
efficiency for a given local black hole mass density.

To evaluate the confidence interval in 7, we used a
Bayesian approach, carrying out Monte Carlo Markov Chain
(MCMC) sampling using an ensemble sampler with 200
walkers. In this sampler, we calculated p(z = 0) from Equa-
tion 1 assuming the A19 XLF. (Basing the luminosity func-
tion on an X-ray-selected sample rather than on optical- or
UV-selected sample ensures a more complete representation
of the AGN population.) Each walker initiates at a random
value of 1 and tries to minimize the difference between the
model prediction of p(z = 0) and the observed mass density
by changing 7; together the ensemble converges on a dis-
tribution of viable values for efficiency. We repeated these
calculations using the Ueda et al. (2014) XLF and compare
the results below.

Ideally we would compare SMBH mass density to AGN
XLF as a function of redshift; however, since the mass func-
tions are uncertain at higher redshifts, we only compare in-
tegrated results locally. Li et al. (2011) and Vika et al.
(2009) reported a local SMBH mass density of psmpn =
4.5 — 5 x 10°Mg Mpc=. Shankar et al. (2016, 2017, 2019,
2020) showed that selection effects can artificially increase
the normalization of the black hole mass-velocity dispersion
(Mpy — o) relation because large black holes are easier to
detect and high masses and velocities are easier to measure;
their estimate was psypy = 1.2 X 10 Mg, Mpc™3.

We also convert radiative efficiency to black hole spin
according to the highly non-linear relation in Figure 6 of
Reynolds et al. (2012). Zero spin is associated with low ra-
diative efficiency, n = 0.057; efficiency increases slowly to
n ~ 0.1 for a spin of roughly ~ 0.8; and for higher spin val-
ues, efficiency increase much more rapidly. In §§ 3 and 4, we
report the radiative efficiency and spin for two values of local
SMBH mass density.

2.2. Calculating Contribution to Cosmic Reionization

In this section we describe our calculation of the AGN con-
tribution to reionization at UV and X-ray wavelengths. Then,
after converting the A19 XLF into a UV luminosity function,
we compare to the the Giallongo et al. (2019) and Grazian
et al. (2020) UV luminosity function for AGN in the redshift
range 4 < z < 6.1. We also compare the total ionizing photon
contribution from AGN, derived from the A19 model, with
the galaxy contribution and overall reionization budget.

2.2.1. Ultraviolet Emission from AGN
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...... U14 (4.9 x 105> Mg, Mpe=3)
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Figure 2. Probability distributions for radiative efficiency (left panel) and black hole spin (right panel), derived from the A19 (orange) and
U14 (gray) XLFs, for two estimates of local SMBH mass density: 1.2 x 10° M, Mpc ™~ (solid lines), which assumes observed black hole mass
measurements are biased toward high masses (Shankar et al. 2019), and 4.9 x 10° My Mpc™> (dotted lines), the unweighted observed value
Vika et al. 2009). These distributions were computed using MCMC sampling for radiative efficiency n with 1, = 0; shaded regions show 1o
confidence intervals. The most probable radiative efficiency for A19 (U14) is p = 0.341’3::2 (O.20f8iig) for the Shankar et al. (2019) local black
hole mass density. For the higher, unweighted mass estimate, the corresponding numbers are = 0.11870:92% (0.068*3022)). Right panel: Spin

distribution calculated from radiative efficiency using the relationship given by Reynolds et al. (2012). The spin values for the higher and lower

pPsMpH estimates are, for A19 (U14), O.52f8:}‘5‘ and 0.997’:818?0 (0.995

Using the average intrinsic X-ray spectrum from A19 (I' =
1.96, E.yot = 200keV), we converted the 2—10 keV intrinsic
AGN luminosity to a luminosity density at 2 keV (erg/s/Hz).
The large dispersion in this conversion factor (e.g. Eqn. 9 in
Lusso et al. 2010) causes significant uncertainty in the overall
conversion from X-ray to UV wavelengths. Accordingly, we
incorporate this uncertainty in the same manner as before,
namely:

1
d(L = DLy ke _
(Lyv) f (L2 kev) [UlogLUV '_271]
—(Lyy = (Lyv(La xev)))?
exp

2
20-10.% Luv

dLyyev. 4

To evaluate (Lyy(L; 1ev)) and Oiog 1y, We used the inverse
of the linear relationship between log L; yoyv — log Lysoo for
X-ray selected quasars (Lusso & Risaliti 2016),

IOg Ly v = 0.638 IOg Lysoo + 7.074, (5)

to calculate (Lyy(L; wev)). The inverse of oioez, .y = 0.210
(Lusso & Risaliti 2016) corresponds to 0jog £, = 0.329. We
then converted the A19 X-ray luminosity function into a UV
luminosity function at 1450 A assuming a UV spectral index
a, = 0.61 +£0.01 (Lusso et al. 2015).

), respectively.

From this 1450 A UV luminosity function, we calculated
the number of ionizing photons per comoving volume of the
universe,

Tion = fesc&ion€1450, (6)

where fe is the fraction of UV photons that escape and
&ion 1s the number of ionizing photons from a quasar with
a monochromatic luminosity of 1 erg s™! Hz™! at 1450 A
(roughly 1026 57!/ [erg™! s7! Hz™']; Matsuoka et al. 2018).
The total AGN emissivity at 1450 A, €1450, depends on the
luminosity function as follows:

€1450(2) = ff‘DAlg,Mm (2, L1as0, log Ne)Li4so dLy4so d log Ny.
(7N

We then evaluated the emissivity at 912 A assuming Lyy o
v~ 17 (e.g., Lusso et al. 2015). Finally, we calculated the num-
ber of ionizing photons per unit co-moving volume for dif-
ferent values of the escape fraction in order to compare to
observed values.

Note that two of the biggest causes of uncertainty in the
conversion from X-ray to UV, which we have accounted us-
ing Equation 4, and the unknown escape fraction. Grazian
et al. (2018) found that for faint AGN (M450 = —25.1 to
—23.3), the average escape fraction at 3.6 < z < 4.2 is 74%,
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Figure 3. Black hole mass density as a function of redshift for
XLFs from A19 (shaded regions) and Ul4 (solid lines), assuming
efficiencies n = 0.1 (purple), 0.2 (blue), or 0.3 (green). The shaded
regions for A19 show the difference in mass density with and with-
out Compton-thick objects: the low end of the shaded region corre-
sponds to Compton-thin objects, with log (Ny/cm™2) < 24, and the
upper limit shows mass density including Compton-thick objects.
Because A19 accounts for the high space density of Compton-thick
objects seen with NuSTAR and Swift BAT, it results in a higher n
than Ul4. Moreover, because the bias-corrected estimate of local
SMBH mass density (orange square; Shankar et al. 2019) is lower
than previous estimates (blue circle, Vika et al. 2009), the resulting

ot : o i : _ 0.15 ;
radiative efficiency is higher still. Our value, n = 0.34f0'16, im-

plies far more rapidly rotating black holes than previous estimates.
The black arrow shows the mass density upper limit at high redshift
(Cappelluti et al. 2017).

and extrapolating these results to higher redshift results in
a significant contribution from AGN to reionization. How-
ever, they note that the sample used to calculate this escape
fraction is not complete in terms of including both obscured
and unobscured AGN, and Cowie et al. (2009) found that
obscured AGN do not radiate any ionizing photons. Other
works have used a more complex method to determine escape
fraction. For example, the semi-analytic model of Dayal et al.
(2020) considered several different cases of escape fraction
for star-forming galaxies as well as AGN, with and without
redshift and stellar mass dependences.

If obscuration is mostly due to orientation, we can estimate
an empirical escape fraction from the intrinsic ratio of space
density of unabsorbed AGN to all AGN. Using the A19 lumi-
nosity function, we obtain the much lower value, fesc = 0.07.
We also considered other relationships between escape frac-
tion and obscuration: for example, Mao et al. (2007) assumed
fose = eAv/198 and Ricci et al. (2017) assumed a constant IX—’;’
ratio, corresponding to fig. = e~ (108Nu=20),

We compare our results to the Giallongo et al. (2019) UV
luminosity function, which describes the faint end of the
AGN luminosity function (Mi450 from —22.5 to —18.5) at
4 < z < 6.1, derived from a sample of 32 H band-selected
AGN with significant soft X-ray detections with Chandra.

The H-band flux is rest-frame UV emission (1 < 3000 A) and
at z > 4, the soft X-ray band (0.5-2 keV) is equivalent to rest-
frame 2.5-10 keV. Giallongo et al. (2019) corrected this sam-
ple for completeness based on the X-ray to H-band flux ratio,
which they noted was not well constrained at the redshifts
and luminosities probed. Nevertheless, as UV-selected sam-
ples tend to contain mainly unabsorbed AGN, a completeness
correction might be able to recover at least the more heavily
obscured Compton-thin objects (log Ny = 22 —-24) which are
detectable in the 2 — 10 keV band (U14); therefore, we com-
pare our results with the total emissivity found by Giallongo
et al. (2019).

2.2.2. X-Ray Emission from AGN

The X-ray spectral parameters of AGN, as constrained by
extensive available data, are discussed in detail by A19 and
Ananna et al. (2020). Integrating these spectra over energy,
Ny, and luminosity yields the number of ionizing photon per
unit volume as a function of redshift:

Linax 10g NH,max Emax
NX—ray(z) = f f Da19(z, Lx, Nu)
L IOg N].[Ym;“ E

min min

dN
d—E(E, Lx,IOgNH) dE legNH de, (8)

where E is the photon energy and %’(E, Lx,log Ny) is the
photon spectrum of each AGN, i.e., the number of photons
produced by an AGN of intrinsic luminosity Ly as a function
of energy and absorbing column log Ny. We use the best-fit
X-ray spectra described in § 5.2 and § 6 of A19, which have
the following parameters taken from the Swift-BAT 70-month
sample (Ricci et al. 2017): T' = 1.96 £ 0.1, E yo = 200 £ 29
keV, Robscured = 0.37 £ 0.1, Rynobscurea = 0.83 £ 0.1 and
Fyar = 1%. We use the updated torus model Borus02
(Balokovi¢ et al. 2018; as in Ananna et al. 2020) instead
of BNTORUS (Brightman & Nandra 2011; as in A19). When
repeating the calculation for the U14 XLF, we used the ab-
sorption function described in Table 2 of that work, where
the total space density of Compton-thick objects is assumed
to be equal to the total number density of Compton-thin ob-
jects. We integrate the XLF from Ny max = 10% to 10%° atoms
cm~2, and from E =0.5 to 500 keV, where the spectral shape
is relatively well constrained (e.g., Ricci et al. 2017).

2.2.3. Total Ultraviolet Emission and Contribution from Galaxies

The history of reionization is still uncertain because over
the last two decades, different probes have reported vastly
different estimates of the dominant redshift of reionization.
Measurements of the Thomson optical depth from polariza-
tion of the cosmic microwave background have placed the
epoch of reionization variously at z = 20*3! (Spergel et al.
2003, early WMAP result); z = 10.6 = 1.1 (Bennett et al.
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2013, later WMAP result); and z ~ 6.93 — 7.8 (Planck results
from Planck Collaboration et al. 2019; Efstathiou & Gratton
2019; Mason et al. 2019). These lower redshift estimates al-
low for a significant contribution from AGN as well as stars
in galaxies.

Bouwens et al. (2015b) constructed a two-parameter model
of the evolution of total cosmic ionizing emissivity, Nion(2),
using observed values at z > 6 by Planck and WMAP. This
model and the UV luminosity density of galaxies accord-
ing to the Bouwens et al. (2015a) galaxy luminosity func-
tion suggest that star-forming galaxies provide the ionizing
photons required to reionize the universe. Their analysis of
several AGN optical and UV LFs (Willott et al. 2009, 2010;
McGreer et al. 2013) indicate that quasar emissivity is too
low to be a significant contributor to reionization, although
at the time faint-end of the quasar luminosity function was
rather uncertain. Recently, the faint-end has been updated by
Giallongo et al. (2019) and Grazian et al. (2020), so we com-
pare A19 XLF with these new high redshift quasar number
densities as well as with the Bouwens et al. (2015b) results.

Mason et al. (2019) derived a non-parametric form of to-
tal Nion(z) by combining constrains from optical depth, dark
gap statistics, Lya damping wings of quasars and ratio of
Lya emitters over Lyman break galaxies. They also provided
estimates of the galaxy contribution using the UV LF from
Mason et al. (2015), assuming a constant escape fraction of
20% for all galaxies. We included both the total Nion(z) and
galaxy contribution estimates from this work in our analysis.

Dayal et al. (2020) used a semi-analytic model to repro-
duce galaxies and black holes, and explore a wide-range of
combinations of escape fractions. For the fiducial model,
they assumed that a star-forming galaxies with a SMBH will
have the same escape fraction as the AGN (determined using
ratio of AGN with log Ny < 22 to all AGN), while all other
galaxies will have an escape fraction of zero. The galaxy
ionization contribution predicted by this model is one of the
lowest estimates reported by Dayal et al. (2020), only slightly
higher than a model with galaxy (fie) = 1.1(3%)%. We
compare both these models to our results in § 3.

3. RESULTS
3.1. Spin and Radiative Efficiency of SMBH

For a constant radiative efficiency, i.e., independent of red-
shift, mass or luminosity, the MCMC chain converges rapidly
(in < 100 steps). Table 1 gives the resulting efficiencies under
several different assumptions. Using the local SMBH mass
density from Vika et al. (2009) and the A19 XLF, we obtain
n= 0.118f8:8%; the full probability distribution is shown in
the left panel of Figure 2 (orange dotted line). This is similar
to previous values (e.g., Yu & Tremaine 2002, Sijacki et al.
2015), and roughly double what we find using the U14 lumi-
nosity function (which we now know does not account for all

the Compton-thick AGN), n = 0.068f818§§ (black dotted line
in Fig. 2), which is close to the lowest theoretically allowed
value. The A19 XLF results in a higher efficiency than the
U14 XLF because it produces more light, roughly half from
Compton-thick AGN.

For the bias-corrected SMBH mass density of Shankar et
al. (2019), which is plausibly closer to the true value, we ob-
tain a significantly higher radiative efficiency, n = 0.34*01>

-0.16
(0.20%%18 for U14), as shown by the solid lines in Figure 2.

Such rf ‘Ill(igh efficiency implies most black holes are rotating
rapidly. The distributions in spin are shown in the right panel
of Figure 2. Note that the spins for A19 and U14 overlap
almost completely, even though the efficiencies differ by a
factor of two, due to the non-linear mapping from 7 to spin
(Reynolds et al. 2012). For the lower local SMBH mass den-
sity, the derived spin value is 0.998f8:8(1)g (A19). Instead us-
ing the higher value for SMBH density, the spin would be
slightly lower (0.783’:8:822). We discuss these results in § 4.
In all cases, 7 is significantly lower for 7, = 0.15 com-
pared to 7y, = O (see Table 1). This is expected because
some of the accretion energy goes into outflows rather than
radiation. However, spin in higher for r;, = 0.15 as the total
spin is dependent upon the sum of radiative and kinetic effi-
ciencies. In Figure 3 we show the evolution of mass densities
of SMBH for several values of constant radiative efficiency,
for both the A19 and U14 XLFs (solid and dotted lines, re-
spectively). This directly shows how the accreted mass de-
pends on the space density of Compton-thick objects (solid
versus dotted lines) and on the local SMBH mass density as-
sumed (blue versus orange data points). Specifically, adopt-
ing the bias-corrected local mass density (orange square),
which is lower by a factor of ~ 4 than the Vika et al. (2009)
value, increases the derived efficiency by the same factor.

3.2. Contribution to Cosmic Reionization

As an initial check on our XLF to UV LF conversion, we
compare our derived photoionization rate to the one from Gi-
allongo et al. (2019), after multiplying each by a factor of
1.2 to account for the contribution of recombination radiation
to the ionizing background (D’Aloisio et al. 2018; Faucher-
Giguere et al. 2009). We find that the summed space densi-
ties of unabsorbed and Compton-thin objects from A19 agree
well with Giallongo et al. (2019) and Grazian et al. (2020, the
latter provides an updated estimate of the former). There-
fore, we also compute an upper limit to reionization from
AGN, by considering the high escape fraction suggested by
Grazian et al. (2018) for both unabsorbed and Compton-thin
AGN (log Ny < 24) at all redshifts and luminosity. Figure 4
shows that the A19-based UV photoionization rate for AGN
with log Ny < 24 (grey lines) agrees well with the Giallongo
et al. (2019) and Grazian et al. (2020) UV LFs (blue and
red points, respectively), both where AGN space densities
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Table 1. Radiative Efficiency® and Spin®

XLF  7in ' Spin
A19Y 0 0.34*315 (0.118*95%) 0.99870:9% (0.783+0:9%
0.15  0.30*12 (0.100%733 0.9995%09 |, (0.9832+5:00%9
U14 0 0.20*51% (0.068+0.922 0.997+3:9% (0.28+29

0.15  0.17820162 (0,059+002!

—0.023

099961700 (0.9632+0.005¢

—0.0037

(@) Calculated for different XLFs and values of OSMBH-

() Converted from radiative efficiency using Figure 6 in (Reynolds et al. 2012).
(©) For local SMBH mass densities psug = 1.2 X 105Mo Mpe™3 (psyn = 4.5 x 103 My Mpc™3).
@ Presently the only XLF that fits all available data, including recent NuSTAR, Swift BAT and Chandra Deep Field South results.

are well constrained (z < 5) and extrapolated to higher red-
shifts. When we add radiation from Compton-thick AGN
(black lines), our results agree with the observed data (black
points) from Calverley et al. (2011), Wyithe & Bolton (2011),
D’ Aloisio et al. (2018) and Davies et al. (2018).

In Figure 5, we compare the ionizing photon densities for
models of AGN and galaxy emission, as a function of red-
shift, to the total ionizing photon density inferred from hy-
drogen absorption along the line of sight. As can be seen
from the figure, for the empirically determined escape frac-
tion, fese = 0.07, the A19-derived ionizing radiation from
AGN produces 1.7-23.1% of the 1o upper (Mason et al.
2019) and lower (Finkelstein et al. 2019) limits of total ion-
izing budget required at z ~ 6, respectively. The contribution
decreases at higher redshifts, where the lowest galaxy contri-
bution (Dayal et al. 2020) is 10 to 100 times that of AGN. Us-
ing a higher escape fraction, foc = 0.74, derived by Grazian
et al. (2018) for faint UV-selected AGN at z ~ 3.6 — 4.2 (in-
tegrating the LF for log Ny < 24), star formation and AGN
contribute roughly equally at z ~ 6. However, such high es-
cape fractions are likely unrealistic for Compton-thin AGN.
We discuss these results in § 4.

We calculated the X-ray contribution from AGN using the
method described in § 2.2.2. As expected from the shape
of AGN spectra (e.g., Harrison 2014), the number density
of ionizing photons at X-ray wavelengths is about an order
of magnitude lower than the UV ionizing photon density at
z < 3, and even lower at high redshifts. Therefore, the AGN
X-ray contribution to ionizing photon density is negligible
compared to the AGN UV contribution, and less than 0.1%
of galaxy contribution at z > 6.

4. SUMMARY AND DISCUSSION

We have quantified the growth of SMBH and their ioniz-
ing radiation as a function of redshift, based on X-ray sam-
ples that are relatively unbiased because high energy X-ray
photons can penetrate heavy obscuration. Specifically, we
used the recent A19 X-ray luminosity function, which fits
all current observed X-ray constraints on AGN populations,

|
:W 100 4
~— P
% 47}
% — AlL9
- AR A19 (extrapolated)
S o A19 (without Compton-thic
B 1079 A Grazian et al. 2020
g o Giallongo et al. 2019
2 A D'Aloisio et al. 2018
° e Davies etal. 2018
& e Wyithe & Bolton 2011
:>) <« Calverley et al. 2011
1072 T T T T T T T
4.0 4.5 5.0 5.5 6.0 6.5 7.0
Redshift
Figure 4. Cosmic photoionization rate produced by AGNs as a

function of redshift. Black and blue data points are from Figure 6
of Giallongo et al. (2019). The blue point represent their UV lu-
minosity function from a sample of unobscured quasars, and red
data point represents an updated estimate by Grazian et al. (2020).
The UV emission derived from the A19 XLF (§ 2.2) agrees well
with these data: grey lines include only objects with log Ny < 24
(corresponding to the unobscured quasars sampled by Giallongo et
al. 2019) and bold lines include the contribution of Compton-thick
AGN. The escape fraction for all AGN was assumed to be unity.

converting it to a bolometric luminosity function by taking
the dispersion in X-ray to bolometric conversion into ac-
count. Integrating over all energies and redshifts, and com-
paring this total radiation to the local mass density of SMBH,
we calculated the average efficiency with which SMBH con-
vert the gravitational potential energy of infalling matter into
light. We also investigated the AGN contribution to reioniza-
tion.

The derived radiative efficiency depends crucially on the
estimated value of local SMBH mass density, which is still
quite uncertain. Vika et al. (2009) and Li et al. (2011) re-
ported a local SMBH mass density of ~ 4.5 — 5 x 10° Mg
Mpc>; using this value, we obtained an average efficiency
n = 0.1 —0.12 (for i, = 0.15 — 0), similar to previous es-
timates using similar local densities. However, Shankar et
al. (2019) reported a mass density that is ~ 4 times lower,
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Galaxy Dayal+20 (f5f ) = 1.1(132)38

Total Naidu+19

Total Mason+19 (optical depth + dark fraction)
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Figure 5. Ionizing photon densities for AGN (black lines) and galaxies (Dayal et al. 2020, orange dashed and dotted lines; Mason et al. 2019,
orange solid line), and total ionizing contribution (Kuhlen & Faucher-Giguere 2012, blue triangles; Becker, & Bolton 2013, blue inverted
triangles; Mason et al. 2019, sky blue and teal shaded regions; Bouwens et al. 2015b, dark blue shaded region; Finkelstein et al. 2019, light
blue shaded region). UV light from AGN, derived from the A19 XLF (black lines), contributes substantially at moderate redshifts, while galaxy
light (Dayal et al. 2020, orange dashed and dotted lines) dominates above z ~ 6. For an escape fraction f.,c = 0.07, corresponding to the
average ratio of unobscured to total AGN, the AGN contribution at z ~ 6, integrated over all Ny, is 23% of the lowest galaxy contribution
shown by dashed orange line. For an escape fraction as high as f.,. = 0.74, estimated for a sample of unobscured AGN Grazian et al. (2018)
and thus an upper limit to the true value, the UV emission from AGN with log Ny < 24 at z > 6 is 59.8% of galaxy contribution shown by
dashed orange line, or 37.4% of the total contribution. At all redshifts, the AGN photon density at UV wavelengths (black solid and dot-dash
lines) is at least 20 times higher than at X-ray wavelengths (black dashed line).

1.2 x 10° My, Mpc™2, after correcting for the observational
bias toward larger SMBH. This improved value leads to a
radiative efficiency, 7 = 0.34*0-1>. The high efficiency re-
sults in part because A19 XLF includes more Compton-thick
AGN than other recent XLFs (e.g., Ul4, Aird et al. 2015),
as required by new NuSTAR and Swift-BAT results (Civano
et al. 2015; Lansbury et al. 2017; Ricci et al. 2017; Lanzuisi
et al. 2018; Masini et al. 2018; Marchesi et al. 2018, 2019),
roughly doubling the total radiation.

According to some theoretical estimates, the maximum ra-
diative efficiency could be as low as = 0.3 (Thorne 1974),
lower than our peak value (for the Shankar et al. 2019 lower
mass density) but well within the uncertainties. Like A19, a
recent mid-infrared study found a substantial population of
heavily obscured objects that were previously missed by X-
ray and optical surveys, implying a higher radiative efficiency
than previously estimated (Lacy & Sajina 2020). Constrain-
ing the number density of Compton-thick objects is a work
in progress, but the new hard X-ray survey data, on which
A19 was based, are inconsistent with the lower Compton-
thick fraction in the XLFs such as Ueda et al. (2014) and Aird
et al. (2015). Perhaps more uncertain is the correct value of
the local mass density, which has a big effect on the derived
radiative efficiency and which will improve as the statistics
of black hole masses improve.

Because the relation of spin to efficiency is highly nonlin-
ear (Reynolds et al. 2012), the updated XLF and mass density

yield an average spin that is much higher than previous esti-
mates, as shown in Figure 2. Our results as well as U14 sug-
gests that most AGN could be spinning close to the maximal
value.

Radiative efficiency may well be more complicated than
the uniform value assumed here. In particular, it may de-
pend on accretion rate, black hole mass, Eddington ratio,
and/or redshift. Li et al. (2012) calculated redshift- and mass-
dependent radiative efficiency and found that massive black
holes (Mpy > 1039 M) spun down from high radiative ef-
ficiencies of n ~ 0.3 — 0.4 at z > 1 to an order of magni-
tude lower values by z ~ 0, whereas less massive black holes
maintained efficiency at 7 < 0.2. We are currently calculating
anew local black hole mass function and Eddington ratio dis-
tribution function (for a separate work), after which we will
undertake a full consideration of the possible dependency of
radiative efficiency on these variables.

Examining the AGN contribution to cosmic reionization
by extrapolating the A19 XLF beyond z = 5, we conclude
that galaxies are still the dominant contributor to reion-
ization for realistic escape fractions, in agreement with
Shankar & Mathur (2007) and Robertson et al. (2015). How-
ever, if we assume very high escape fraction (fese = 0.74)
and approximately the lower limit for galaxy contribution
(dashed orange line in Figure 5) for unobscured and ab-
sorbed Compton-thin AGN (log Ny < 24), AGN could
provide as much as 37% of the total UV radiation at z ~ 6.
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However, the escape fraction is likely to be much lower since
the Grazian et al. 2018 sample was dominated by unobscured
AGN). X-ray surveys indicate that in the local universe 70%
of all AGN are obscured (Ricci et al. 2015), and this high
fraction appears to increase with redshift (Treister & Urry
2006, Ul4, A19, Vito et al. 2019). It is likely that studies
based on optical- and UV-selected AGN samples are biased
toward low covering factors and thus artificially high val-
ues for the escape fraction. The A19 XLF indicates that
half of total AGN light comes from Compton-thick objects,
suggesting that the escape fraction is low. For our empiri-
cally determined value, fosc = 0.07, the AGN contribution to
reionization is less than a quarter of the total ionizing photon
density at z > 6.

The foundation on which this works stands — namely,
the A19 space density of AGN as a function of luminos-
ity, obscuring column density, and redshift — is fully gen-
eral and accurately explains the vast array of X-ray data now
available. In comparison, our assumptions that escape frac-
tion and radiative efficiency are constant with redshift and
AGN properties are much simplified. Still, our basic conclu-
sions are not affected: allowing more complicated parame-
ter dependencies would not obviously decrease radiative ef-
ficiency, and although the fraction of ionizing photons that
escape from AGN and galaxies is uncertain (e.g., Lusso et al.
2015; Grazian et al. 2018; Giallongo et al. 2019; Dayal et al.
2020), we have explored the full range of values, so a more
complicated approach would not enhance the AGN contribu-
tion to reionization.

The AGN contribution to reionization also depends on
other parameters that are poorly constrained, such as the
shape of the quasar ionizing continuum (e.g., see discussion
in Lusso et al. 2015) and the uncertain space density of AGN
at high redshifts. So it is remarkable that the photoioniza-
tion rates computed from the A19 XLF (§ 2.2) and from Gi-
allongo et al. (2019) and Grazian et al. (2020) agree when
we assume the same escape fraction of 1 for both works for
log Ny < 24 (Fig. 4). In contrast, Ricci et al. (2017) found
that Ueda et al. (2014) implied lower space densities than
Giallongo et al. (2015) even after including Compton-thick
objects (Figure 1 of that work). Note that comparing Fig-
ure 4 of Giallongo et al. (2015), Figure 4 of Giallongo et al.
(2019) and Figure 5 of Grazian et al. (2020), the latter papers
also report lower space densities of AGN at high redshifts

than Giallongo et al. (2015). Our work agrees with the more
up-to-date results.

In the end, the key variable proves to be the AGN number

density rather than spectral shape or escape fraction. The
A19 XLF is based on the most complete, unbiased AGN
samples available, critically including high-energy X-rays
(E >10 keV), uncovering a large population of Compton-
thick AGN that is missed in optical and UV surveys. This
comprehensive census of SMBH growth, which is integral to
understanding galaxy formation and cosmic evolution, points
to two important conclusions. First, accretion dominates over
mergers for black hole growth, as the former spins up black
holes (adding orbital angular momentum of accreting parti-
cles) while the latter should more often reduce spin (because
the angular momenta of merging black holes are randomly
oriented). Second, AGN are relatively unimportant in reion-
izing the universe at z > 6, compared to galaxies. Interest-
ingly, their photon output catches up with galaxies toward
cosmic noon (z =~ 2), as SMBH and their peak emissivity
grow. A more detailed study of the evolution of SMBHs,
in both mass and emissivity, may reveal an imprint from the
evolving impact on galaxies and the IGM.
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