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ABSTRACT

We present the analysis of a new near-infrared (NIR) spectrum of a recently discovered z =
6.621 quasar PSO JO06 + 39 in an attempt to explore the early growth of supermassive black
holes (SMBHs). This NIR (rest-frame ultraviolet, UV) spectrum shows blue continuum slope
and rich metal emission lines in addition to Lya line. We utilize the Mg 11 line width and the
rest-frame luminosity L 4 to find the mass of SMBH (Mgg) to be ~108 M, making this one
of the lowest mass quasars at high redshift. The power-law slope index («;) of the continuum
emission is —2.94 £ 0.03, significantly bluer than the slope of «; = —7/3 predicted from
standard thin disc models. We fit the spectral energy distribution (SED) using a model which
can fit local SMBHs, which includes warm and hot Comptonization powered by the accretion
flow as well as an outer standard disc. The result shows that the very blue slope is probably
produced by a small radial (~230 gravitational radius, R,) extent of the standard accretion
disc. All plausible SED models require that the source is super-Eddington (Lyo/Lgag 2= 9), SO
the apparently small disc may simply be the inner funnel of a puffed up flow, and clearly the
SMBH in this quasar is in a rapid growth phase. We also utilize the rest-frame UV emission
lines to probe the chemical abundance in the broad-line region (BLR) of this quasar. We find
that this quasar has super solar metallicity through photoionization model calculations.

Key words: galaxies: active— galaxies: high-redshift— galaxies: nuclei—quasars: emission
lines — quasars: supermassive black holes.

created a composite spectrum from z < 5 quasars in Sloan Digital

1 INTRODUCTION Sky Survey (SDSS) and found the continuum slope is «; = —1.5.

Quasars are powered by the accretion disc that surrounds the super-
massive black hole (SMBH) at the centre of the host galaxies. The
thermal emission from accretion disc dominates in the rest-frame
ultraviolet (UV) to optical. The standard thin disc of Shakura &
Sunyaev (1973) (hereafter SS73) predicts that the continuum
emission has a power-law shape by assuming a multi-temperature
blackbody model. The power-law shape where f, o« v (f; oc A%)
has a slope of «, = +1/3 («;, = —7/3). However, the observed
continuum slopes are usually much redder. Vanden Berk et al. (2001)
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Another composite quasar spectrum covering the rest-frame UV
to near-infrared (NIR) showed that the continuum slope is «; =
—1.7 (Selsing et al. 2016). Xie et al. (2016) showed the average
continuum slope of quasars from SDSS DR7 is «; = —1.64 and
a; = —1.49 for near UV and far-UV with similar dispersions
~(0.5, but a small portion of quasars in their samples has a bluer
slope of «; > —7/3. Mazzucchelli et al. (2017) (hereafter M17)
analysed the continuum slope of 15 quasars at z 2 6.5, including
our target J006.1240+4-39.2219 (hereafter PSO JO06+39) in this
study. Unfortunately, they did not cover wide enough NIR spectrum
to obtain precise continuum slopes for PSO J006 + 39 and other
two quasars. The average slope they found for 12 quasars at z =
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6.5 with NIR spectrum is «; = —1.2 £ 0.4. Based on our current
knowledge, only a few high-redshift quasars have continuum slopes
bluer than SS73 prediction of «; = —7/3. Gallerani et al. (2010)
showed that seven out of 33 quasars in the range of 3.9 <z < 6.4
in their samples could have very blue continuum slope («; < —7/3)
after extinction correction. Jiang et al. (2007) reported that two z
~ 6 quasars, SDSS J13064-0356 and SDSS J1030 + 0524, have
o ~ —2.5. However, De Rosa et al. (2011) showed that SDSS
J1030 4 0524 is not such blue after they reanalysed the spectrum
with different fitting wavelength range. In the end, only one quasar
is confirmed to be bluer than —7/3 out of 21 z > 6 quasars.

Several physical parameters of quasars affect the continuum
slope. Dust reddening is a conventional explanation to the overall
redder slope (e.g. Davis, Woo & Blaes 2007; Shankar et al. 2016;
Xie et al. 2016). The observational evidence suggests that black
hole mass (Mpy) does not affect the slope (e.g. Davis et al. 2007).
In theory, higher Mpy will shift the peak of disc emission to
lower frequency (e.g. Campitiello et al. 2018). Besides, the lower
inclination angle of the disc and the higher black hole spin will
both make the slope bluer (e.g. Shankar et al. 2016), but they
are observationally hard to confirm. Fig. 5 of Campitiello et al.
(2018) showed that increasing black hole spin and accretion rate
(M) shift (in different directions) the disc emission peak to brighter
luminosities and higher frequencies. These parameters will affect
the continuum slope in a complicated way. Besides, the corona of
the disc can create a soft X-ray excess (e.g. Done et al. 2012; Hagino
etal. 2017), which may also extend to the UV regime and make the
slope bluer.

The existence of quasars at early Universe indicates that the
central SMBHs can grow in a short time-scale. There are more
than hundreds of quasars known at z = 6 Universe (e.g. Bafiados
et al. 2016). Most of them are discovered in this decade, including
the highest redshift quasar at z = 7.54 known so far (Bafados
et al. 2018). M17 estimated Mgy of 11 z 2 6.5 quasars and found
Mgy = 108 Mg for all of them. Wu et al. (2015) even found a
SMBH with Mgy ~ 10'© Mg, at z = 6.30. These SMBHs must have
been growing at the most efficient rate to become such massive
objects even at the very early Universe. Several models aim at
solving the issue of how SMBHs can grow so fast (see references
in M17). Providing more Mgy measurements for z > 6.5 quasars is
useful to constrain these models. The estimation of Mgy for high-
redshift quasars is usually done by adopting the empirical relations
(e.g. De Rosa et al. 2011, 2014; M17). These empirical relations
are derived from the broad emission line-width and the continuum
luminosity (e.g. Vestergaard & Osmer 2009) by assuming that the
strong correlation between continuum luminosity and the size of
the broad-line region (BLR) in the low-redshift active galactic
nuclei (AGNs) (e.g. Bentz et al. 2013) is independent of redshift.
The Mpgy of the quasar can be further used to obtain Eddington
luminosity (Lgdq). Those SMBHs in super-Eddington (Lpol/Lgad >
1) high-redshift quasars found by M17 are most likely to grow
rapidly.

It is expected that the chemical abundances are lower for higher
redshifted quasars. One typical method to determine the chemical
abundance for high-redshift quasars is using Fe/Mg abundance ratio.
This ratio is a good tracer to the star formation history across cosmic
time. The «-elements like Mg is primarily formed from Type II su-
pernovae (SNe II). Fe is most likely produced by Type Ia supernovae
(SNe Ia), which take ~ 1Gy longer time to form compared to SNe 11
(e.g. Matteucci & Greggio 1986). This time-scale is approximated
to the age of the Universe at z ~ 6; therefore, the Fe/Mg abundance
ratio is expected to be lower at z = 6. However, there is no
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concrete observational evidence supporting this expectation so far
(e.g. Iwamuro et al. 2002; Barth et al. 2003; Dietrich et al. 2003;
Freudling, Corbin & Korista 2003; Maiolino et al. 2003; Iwamuro
et al. 2004; Jiang et al. 2007; De Rosa et al. 2011). Although
M17 suggested that Fe1/Mg11 flux ratio, which can be regarded
as Fe/Mg abundance ratio, of z 2 6 quasars shows systematically
lower value compared to low-redshift quasars, they cannot confirm
this due to large uncertainties in their results. Another method
to determine the chemical abundance is estimating metallicity by
utilizing several line ratios such as Nv A1240/He11 A1640, Nv
A1240/C1v A1549, and (Si1v A1398 + O1v] A1402)/C1v 11549
(e.g. Nagao, Marconi & Maiolino 2006, hereafter N0O6; Jiang et al.
2007; Matsuoka et al. 2011; Xu et al. 2018). This method requires
a good signal-to-noise ratio (SNR) spectrum to detect those faint
lines. Juarez et al. (2009) reported the metallicities of quasars up to
z ~ 6.4 by applying this method, and found no redshift evolution.
Note that Fe 1I/Mg1I ratio is not likely to be a good indicator of
metallicity at z > 6, because Fe/Mg abundance ratio is expected
to be constant before beginning of chemical enrichment by SNe Ia
(e.g. McWilliam 1997).

In this paper, we examine a new NIR spectrum of the quasar PSO
JOO6 + 39 to obtain the continuum slope, Mpy, and metallicity
properties in detail. It was discovered from Panoramic Survey
Telescope & Rapid Response System 1 (Pan-STARRSI1 or PS1;
Kaiser et al. 2002, 2010) and confirmed by optical spectrum
from Subaru Telescope (Tang et al. 2017). This quasar is bright
(m s, = 20.06 £ 0.07) and has strong emission lines. It is an ideal
target to investigate the growth rate of SMBH and the metallicity
of the quasar. We adopt the redshift measurement from M17 for
this quasar. They reported the systemic redshift of this quasar from
[Cu] 158 um line observation and found zjc; = 6.621 £ 0.002.
This is currently the most precise redshift measurement of
PSO J006 + 39.

The structure of this paper is organized as follows. In Section 2
we describe the Gemini observation and the data reduction for the
NIR spectrum. In Section 3 we describe the spectral fitting for the
spectrum. In Section 4 we show the results on the continuum slope
and the absolute magnitude (Section 4.1), the SMBH mass and the
Eddington ratio (Section 4.2), the SED modelling (Section 4.3),
and the chemical abundance in the BLR (Section 4.4). In Section 5
we discuss implication of the SED modelling (Section 5.1) and the
metallicity comparison with other quasars (Section 5.2). In Section 6
we summarize our findings. We use a ACDM cosmology with Hy =
70km s~ Mpc™!, @, = 0.3, and 2, = 0.7.

2 OBSERVATIONS AND DATA REDUCTION

The NIR spectrum of PSO J006 + 39 was taken with Gemini Near
Infra-Red Spectrograph (GNIRS) with cross-dispersed (XD) mode
on 2016, Aug. 3rd, 5th, 8th, and 9th (PI: Tomotsugu Goto). The
slit-width was 1 arcsec with a 32/mm grating. The seeing during
the observation ranged from 0.5 to 0.75 arcsec. Each frame was
exposed for 300 s and the total exposure time was 4 h. We applied
the ABBA pattern nodding strategy among the frames. We used
the Gemini IRAF package to reduce the spectra. We followed the
standard procedure with some corrections to optimize the result.
The standard procedure includes the method of concatenating
different echelle orders in the XD spectrum. We concatenated the
standard star spectrum by assuming it is in general a blackbody
spectrum, then scaled each order of the quasar XD spectrum with
respect to corresponding order of the standard star spectrum. This
method ensures that the shape of the quasar XD spectrum is
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Figure 1. GNIRS spectrum of PSO J006+39. The black and grey lines show the spectrum and its error, respectively. Blue, magenta and red slopes are the
continuum slopes of PSO J006 + 39, standard thin disc model, and typical quasars (Vanden Berk et al. 2001), respectively. Detected emission lines are labelled
in green lines. The spectrum and its error are shown in two binning for demonstration purpose.

reliable. We hope that the future near-IR photometric observations
in J, H, K bands can confirm it. The corrections include images
shifting correction due to instrumental flexure and strong hydrogen
absorption lines correction in the spectrum of the telluric standard
star. At last, we scaled the quasar NIR spectrum according to the PS1
y-band magnitude m,,,, = 20.06 £ 0.07. The calibrated spectrum
is shown in Fig. 1.

3 SPECTRAL ANALYSIS

To obtain the continuum slope, Mgy, and the Fe /Mg 1I ratio, we
fit the NIR spectrum of this quasar. We follow the same method
used by M17 and apply x2-minimization technique in the following
way. We first fit a single power-law continuum in the following
rest-frame wavelength windows to avoid emission lines. [1285—
1295; 1315-1325; 1340-1375; 1425-1470; 1680-1710; 1975-
2050; 2150-2250; and 2950-2990] AA (Diamond-Stanic et al.
2009). The power-law equation is:

A o),
FA_FO(ZSOOA) . )]
Then we consider the Balmer pseudo-continuum from equation (7)
in Grandi (1982) and assume that it is 10 percent of the global
power-law continuum at A = 3675 A. After determining these
two components, we fit the pseudo-continuum FeII emission and
the Mg II emission line within the rest-frame wavelength composite
window 2100-3200 AA. We adopt the empirical pseudo-continuum
Fe 11 emission template from Vestergaard & Wilkes (2001) and apply

the FWHM =15 A for the Fen as suggested by De Rosa et al.
(2011). Finally, we fit the Mg 11 emission line with a single Gaussian
function. The result of this method is shown in the left panel of Fig. 2
and Table 1.

Since there are some residuals around the Mg Il emission, we also
try a double Gaussian function with a fixed centre for both Gaussian
functions for Mg 11 line (Fig. 2, right). The double Gaussian function
fit results in smaller residuals compared to the single Gaussian
function fit. In fact, all other strong emission lines (Lyc, CIv, and
C 11]) require double Gaussian functions to produce a better fit (see
Tang et al. 2017 for Lyw, and Fig. 3 for C1v and C 111] lines).

We also identify faint emission lines (Si1tv 4+ O1v] and He1r)
and fit them with single Gaussian functions (Fig. 3). As for Nv
and O1 + Sil lines, they cannot be well fitted with Gaussian
profiles in this NIR spectrum. Therefore, we utilize the optical
spectrum of PSO JO06 + 39 (Lu et al., in preparation) to obtain
the line luminosity. We present the line luminosity, velocity shift,
FWHM, and EW of all detected lines in Table 1. The uncertainties
shown in Table 1 are statistical errors. The result based on the
double Gaussian fitting method for Mg 11 is utilized in Sections 4.1,
4.2, and 4.4. It is found that in general, the CIVv lines of high-
redshifted quasars tend to show large blueshift (~ 1000km s~')
compared to their host galaxies (e.g. Venemans et al. 2016; M17).
This C1v blueshift can be explained by the existence of outflow
in BLR (e.g. Leighly 2004). For PSO J006 + 39, it only shows
a relatively small amount of CIV blueshift (—387.8 £ 0.1km
s ). It is also shown that the C1v blueshift is correlated with the
equivalent-width (EW) of C1v (Richards et al. 2011). Note that the
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Figure 2. Spectrum around Mg 11 and out best-fitting results. The left panel shows the result of the single Gaussian function fit while the right panel shows
the double Gaussian function fit for Mg 11 line. The black line is the observed spectrum (Fig. 1). The rest of the fitting components are Mg I line (red), Fe 1t
pseudo-continuum (blue), Balmer pseudo-continuum (gold), power-law continuum (sky blue), total (green), and residual (navy).

Table 1. The emission-line properties.

Lines Irest (A) Luminosity (10% erg s7h Velocity shift (km s™1) Width (km s™1) EW (A)
Nv 1240.14 1.79 £ 0.06 ¢

O1+Sin 1305.59 1.54 £ 0.16¢

Sitv 4+ 01v] 1399.41 1.75 £ 0.16 —132 + 164 4072 £330 15.1 £ 1.7
Civ 1549.06 7.15 £ 0.45 — 388 + 80 1820 + 49 844 £ 22
C IVbroad 1549.06 6456 + 7

Hen 1640.42 0.67 £ 0.05 —569 + 104 1333 + 169 93 £ 72
Cil 1908.73 2.07 + 0.36 —381 £+ 85 662 + 79 435 + 3.8
C1ll]proad 1908.73 3847 + 50

Mg youble 2798.75 0.51 + 0.07 —237 + 83 1620 £+ 73 346 + 7.8
Mg goupie broad 2798.75 10550 + 83

Mg Igngte 2798.75 0.37 + 0.01 —265 + 83 1972 £ 55 247 + 7.6

Note. * Values are taken from Lu et al. (in preparation).

C1v EW in Table 1 is twice as large as other z > 6.5 quasars in
M17.

4 RESULTS

4.1 Continuum and absolute magnitude, M459

We show the power-law continuum slope and absolute magnitude
here. From the fitting in Section 3, the power-law parameters in
equation (1) are o; = —2.94 + 0.03 (@, = 0.94 £ 0.03) and
Fy = 5.40 & 0.05 x 107" erg s~ em~2A~!, This slope is much
bluer compared to any other known quasars at z 2 6 (a) ~
—1.5). We further verity this slope by 4, 8, and 16 binnings of
the spectrum before continuum slope fitting. All fitting results show
consistent slopes. We show the case of eight binning in Fig. 4
as an example. We calculate the apparent magnitude at rest-frame
1450 A as mys0 = 21.30 + 0.07 by extrapolation based on the fit.

MNRAS 484, 2575-2586 (2019)

This corresponds to absolute magnitude M50 = —25.55 4+ 0.07,
which is slightly fainter than the value reported in Tang et al. (2017)
(—25.94).

4.2 SMBH mass and Eddington ratio

To determine Mpy, we adopt the empirical relation provided by
Vestergaard & Osmer (2009):

WHM AL 3000

Mgy F
log = ﬁ)w .5 x log (W

)-
(€5

This relation is only applicable to the MgIl emission line. The
method of obtaining the FWHM of the Mgl is described in
Section 3. The 1o scatter of the zero-point of this relation is 0.55 dex,
which dominates the Mgy uncertainty. We also calculate Mgy by
adopting the latest scaling relation calibrated by Woo et al. (2018).
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Figure 3. Fitting results of emission lines. From the top panel to the bottom
panel, these panels show Si1v + O1v], C1v, He11, and C1i] lines (black)
and their fitting results (red). The fitting for Si1v + O1v] and He I lines
used a single Gaussian function and local continuum fit while the C1v and
C111] used a double Gaussian function with the continuum slope in Fig. 1.
The grey vertical lines indicate the systemic redshift from [C11] line while
the navy vertical lines indicate the fitted centre of each line.

Their results are consistent with Vestergaard & Osmer (2009) but
with smaller uncertainties (intrinsic scatter 0.23 dex). Table 2 shows
all Mgy estimations from two different Mg1I line profile fittings.
For comparison purpose, we adopt My estimated from the relation
provided by Vestergaard & Osmer (2009) in the following. Note
that we follow the same Mgy measurement method as used by M17
except for the Mg line profile fitting. Both Mg 11 profile fittings
give the consistent mass Mgy ~ 1.4 — 1.7 x 10® M, making it one
of the lightest SMBHs among all z > 6 quasars (108 — 10'°M).
We use these masses, together with estimates of the bolometric
luminosity, Ly, to calculate the Eddington ratios (Lpol/Lgaa). We
first use the relation from Shen et al. (2008), which simply scales
the 3000 A luminosity by a constant factor of 5.15 to get a zeroth-
order estimate of the bolometric luminosity, giving Lyo/Lgaa ~ 1

A super-Eddington quasar at z=6.6 2579
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Figure 4. The zoom in spectrum of Fig. 1. The lines and labels are the
same as in Fig. 1. The spectrum is shown in eight binning for demonstration
purpose.

(Table 2). Although this is a rough estimate by assuming all quasars
have similar SEDs, we still perform the analyses for comparison
purposes. In fact, standard accretion disc models relate the bolomet-
ric luminosity to the monochromatic luminosity on the Rayleigh—
Jeans (low energy) tail of the disc such that AL, oc (MgyM)*3
(Collin & Kawaguchi 2004; Davis & Laor 2011), giving a non-linear
dependance Ly, o ALi/ 2 /Mgy . However, these models also predict
a continuum slope of «; = —7/3, significantly redder than our data.
Hence we model the accretion flow and derive a more accurate
Eddington ratio for this quasar in detail below (see Section 4.3).

4.3 SED modelling of the continuum slope

We perform SED modelling to investigate the physical mechanisms
that produce such a blue continuum, and estimate the bolometric
luminosity and Eddington ratio. We use an energetically self-
consistent model based on the standard disc (OPTXAGNF; Done
et al. 2012), where the mass accretion rate is constant with
radius, and where the emissivity is given by the Novikov—Thorne
thin disc equation, but where the effect of electron scattering in
the photosphere is taken into account via a colour—temperature
correction, f;,|, such that the emission at any radius is modified from
a blackbody at the effective temperature (7.f), emitting instead as
B,(feaTett)/ C‘Ll. The colour—temperature correction is a function
of radius, and increases markedly with the increase in free electrons
at the radius at which the disc temperature crosses the point at
which hydrogen changes from being neutral (optical emitting radii)
to being ionized (UV emitting radii). This causes the standard disc
continuum in the rest-frame UV as measured here to be redder in
the UV than predicted by a pure blackbody disc model. Fig. 5 shows
this for the mean mass of 1.5 x 10% M, for zero and maximal spin.
The normalization of the observed UV continuum is determined by
the combination of (Mgy M )*/3, so gives directly the mass accretion
rate through the outer disc for our fixed black hole mass, with no spin
dependence. However, this translates to a higher Eddington ratio for
high black hole spin due to the increased efficiency resulting from
the smaller innermost stable circular orbit. Both high- and low-spin
models have ov; = —1.7 in the rest-frame 2000-5000 A wavelength
range, similar to that generally observed in quasars (Selsing et al.
2016; Xie et al. 2016), but much redder than observed here. Without
the colour—temperature correction, each of these models would have
a; = —7/3 over this wavelength range as it is dominated by the self-
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Table 2. The SMBH mass properties.

Fitted model ML3po0 Mg FWHM Mgy ¢ Lol Liol/Lgdd Mpu b
(10¥ergs™)  (kms™h)  (x108Mg) (10* ergs™!) (x108 Mg)
Mgt double Gaussian fit 375 +£0.09 1767 £74  1.37%53  1.937053  1.08%040  1.98%%
Mg single Gaussian fit ~ 3.75£0.09  1973+55 171713 1937018 0877348 247t
“Estimated by using the scaling relation in Vestergaard & Osmer (2009).
bEstimated by using the scaling relation in Woo et al. (2018).
Table 3. SED parameters of the OPTXAGNF model in Figs 5 and 6. Rcor is UL B L B AL L) IR B ALY
the coronal radius. a is the black hole spin. Ry is the outer radius of the Lyo/Lge=1.1,2=0, R, =2020R,
disc. findicates that the parameter is fixed during the fitting. s indicates the 102 4 m
Ly /Lgga=2.3,2=0.998, R ,=2860R
Royt is equal to the self-gravitational radius. The 90% confidence range is boll LEda= 5 & 7 out g
shown.
10° .
Model Liyo1/Lgdd a Reor Rout X 2/d()f En i
(Re) (Re) .,: 10°
SED-1 L7%04 of - 2490°  319.0/19 2
SED-2  87'03 0.998/ - 5130°  297.4/19 £ 0°
SED-3  9.17%3 o - 28770 3718 w
SED-4 4367 0.998 - 22777 3.6/18 107
SED5 11701 O 901736 20200 132518
SED-6 23707 0.998" 538718 2860° 1.5/18 . )
: : 10° I
L B A 10°  10°  10? _ 10° 10° 10’ 10
Ly /Lgq=17,2=0, R, =2490R,, Energy (keV)
-3
10 | Ly/Liga=9.1, 2=0.0, R, =230R, N
Ly /Ly=43.6,2=0.998, R, =230R, Figure 6. SED fittings with corona X-ray emission with parameters in
» Table 3. The heavy black line is the normalization of the observed UV
107 N continuum. The blue and red lines are results with zero (SED-5) and nearly
Ch maximal black hole spin (SED-6), respectively. The solid, dashed, and
q]m 105 _ dotted lines are total emissions, disc components, and X-ray Comptonization
E components, respectively.
3
< 10°- .
w The energy conserving code OPTXAGNF allows a more complex
z spectral shape, motivated by the observed SED of local AGNs.
107 N These include additional components as well as the standard disc,
with coronal X-ray emission from aregion which is hot and optically
1001/ i thin forming a high-energy power law. Below this, AGNs are
/ often observed to have a soft X-ray upturn (the soft X-ray excess)
| | | | | which seems to point back to a UV downturn. This can be fit by
10 10° 107 10" 10° 10' 102 a second Comptonization region with very different parameters,
Energy (keV) where the electrons are warm, and optically thick. The energy

Figure 5. SED fittings using OPTXAGNF with parameters in Table 3. The
heavy black line is the normalization of the observed UV continuum. The
orange and green dashed lines use self-gravity radii automatically calculated
by OPTXAGNF with zero (SED-1) and nearly maximal black hole spins
(SED-2), respectively. The blue and red solid lines fit outer disc radii as
free parameters with zero (SED-3) and nearly maximal black hole spins
(SED-4), respectively.

similar part of the disc rather than either the inner (set by black hole
spin) or outer (set by self-gravity) radii. Instead, the data can fit
to a much smaller disc, with outer radius around 230 gravitational
radius (R,) (Fig. 5). However, a factor of > 10 reduction in disc size
for a standard disc seems extreme (Hao et al. 2010; Collinson et al.
2017), so we first explore alternative models.
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conserving OPTXAGNF model assumes that these components are
powered by the accretion energy, so that the disc stops emitting
as a (colour—temperature corrected) blackbody at some radius R.;.
The accretion power emitted within this radius is split between the
coronal electrons (fraction f;;, spectral index I') and the soft X-ray
excess warm Comptonization region characterized by a temperature
kT. ~ 0.2 keV and optical depth T = 15 (Done et al. 2012). In Fig. 6,
we fix fo = 0.1 and I' = 2.4 as is typical of high Lyq/Lgga AGNs
(Jin, Done & Ward 2017a) and can fit the observed blue slope
of the UV spectrum whilst allowing the disc to extend out to its
self-gravity radius by making R, ~ 100R, so that the transition
from the outer standard blackbody disc to the low-temperature,
optically thick Comptonization in this rest-frame UV band. The
coronal energy of 10 percent is assumed to be contained in the
hard X-ray Comptonization. However, as discussed in Kubota &
Done (2018), the model spectrum is artificially blue at this point
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Table 4. Fe 1l and Mg Il emission-line properties.
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Fitted model Mg 11 Flux Fe 11 Flux Mg Few/Mg 1
(107 % ergs~  ecm™2) (107 ergs! em™2)
Mg 11 Double Gaussian 1.02 £0.13 1.21 £0.18 6.615 £ 0.001 1.19 £0.23
Mg 11 Single Gaussian 0.73 £ 0.03 1.84 £ 0.11 6.615 £ 0.001 2.52+0.18
Wavelength(l&) 4.4.2 Metallicity
10° 10* 10° 10° NO6 investi . .

- - investigated the relations between metallicity (Z) and several
. 1?38888 | gfgga?;osso 100639 | line ratios in the BLR of quasars. Due to the exceptional blue
b 10'000 L i continuum slope in PSO J006 + 39, we reproduce N06’s work
g 1:000 L i with optimization for this quasar. We adopt the locally optimally
= 0.100F i emitting cloud (LOC) model (Baldwin et al. 1995) and apply the
£ 0.010F i latest photoionization code CLOUDY version 17.01 (Ferland et al.
< 0.001 2013), which is newer than CLOUDY version 94.00 used by NO6.
0.01 1.00 100.00 10000.00 We note that the latest CLOUDY version 17.01 adopts a newer solar
Energy(Ry) elemental abundance table (Grevesse & Sauval 1998) than the older

Figure 7. SED of the ionizing source assumed in CLOUDY model calcula-
tion. The black line shows the SED with strong UV bump in NO6. The red
line shows the SED corrected for PSO JO06 + 39 in this work.

as it assumes that the seed photons for the Comptonization are
blackbody rather than the disc blackbody which is expected for a
slab Comptonization layer above arange of radii in the disc (Petrucci
et al. 2018). Thus these fits are unphysical.

The only way to fit the very blue observed spectrum with current
models of the accretion flow is with a highly super-Eddington flow
(Lboi/Lgaa ~ 9 and 44 for zero and maximal spin, respectively),
with small outer extent Ry ~ 230R,. This small outer radius could
indicate that we observe only a limited section of a larger accretion
disc, i.e. that the inner disc is puffed up, as expected from a super-
Eddington flow (SS73). Alternatively, a small outer disc size could
instead indicate that the accreting material has very low net angular
momentum, perhaps pointing to the importance of direct infall on
to the black hole at these high redshifts.

4.4 Chemical abundance in BLR

We measure the chemical abundance in the BLR by using the
measured emission-line flux ratios. The Fe /Mg 1I ratio indicator
is popular for high-redshift quasars since Mg1l and Fell can be
detected in most of their spectra (Section 4.4.1). Other metal lines
(Nv,Si1v+ O1v], and He I1) are fainter and sometimes not detected
for high-redshift quasars. We can measure those faint lines in our
spectrum, and we will utilize their ratios to determine the metallicity
(Section 4.4.2).

4.4.1 Feu/Mgu

The Fe1I/Mg11 is a simple chemical abundance tracer as described
in Section 1. The method of fitting the Fe 11 template and Mg 11 line
profile is described in Section 3. We integrate the Fell template
and the double Gaussian function of Mg1I within the rest-frame
wavelength range of [2200 — 3090] AA to calculate the Fe flux
and Mgl flux, respectively. The flux error originated from the
uncertainties in the fitting. We show the Fe /Mg 1I ratios based on
two different Mg 11 line profile fittings in Table. 4. The comparison
between this result and other quasars is discussed in Section 5.2.

version 94.00. We follow NO6’s method to run CLOUDY calculations
by varying gas densities (n), ionizing photon fluxes (®), and Z in
the same ranges. The metallicities used in the calculations are 0.2,
0.5, 1.0, 2.0, 5.0, and 10.0 Z/Z@. The stopping conditions and the
scaling of metal abundances (the secondary Nitrogen abundances)
in the calculations are the same as those in N06. N06 assumed two
SEDs for AGNS, the typical SED and the typical SED plus a large
UV bump, in their CLOUDY calculations. We adopt their SED with
the large UV bump, but alter the slope to the same blueness as
seen in PSO JO06 + 39 between the lowest rest-frame energy in the
observed NIR spectrum and the turning point at 1 Rydberg (Ry) in
their SED. Fig. 7 shows the difference between the SED with large
UV bump in NO6 and the bluer SED we created. We integrate the
line intensity using equation (2) in NO6; i.e.

Liine = /]‘4ﬂr2ane(ﬁ n) f(r)g(n) dndr 3

where f(r) and g(n) are the cloud distribution functions for radius (r)
and n. Baldwin et al. (1995) assumed f(r) o ' and g(n) oc nf. We
follow NO6 by adopting I' = —1 and 8 = —1 in the integration of
equation (3) . Fig. 8 shows the line ratios as a function of metallicities
from our CLOUDY calculations. We find that the results are different
between the same SED but different CLOUDY versions. Our results
from latest CLOUDY version show that NV/C1v and N V/He1I line
ratios are positively correlated with the metallicity, while He 1I/C 1v
line ratio is negatively correlated with the metallicity. Besides,
Sitv + O1v])/Crv, (O1 + Sim/C1v and C1r]/C1v line ratios
show only weak correlation with metallicity. By adopting the
x? calculations between observed line ratios and predicted ratios
from different metallicities, our result shows 2 < Z/Zx < 5 with
the smallest x> for 2Z/Z,. The interpretation of these results is
described in Section 5.2.

5 DISCUSSION

5.1 Implication of the blue continuum slope

Fig. 9 shows the continuum slope versus bolometric luminosity
(Lyor) estimated from a linear scaling of 3000 A luminosity follow-
ing Shen et al. (2008) for z > 6 quasars. There are only a few objects
with continuum slopes bluer than «;, = —7/3 (Jiang et al. 2007; De
Rosa et al. 2011, 2014). This is typical of lower redshift quasars
also (Xie et al. 2016). Davis et al. (2007) show that there are very
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Figure 8. Relations between different line ratios and metallicities. The shaded areas show the observed flux ratios of PSO JO06 + 39. The black lines show
the results from NO6. The blue lines show the results with the same SED used in NO6, but with the latest CLOUDY version.

few quasars around z = 1 which have spectra equivalently as blue as
a disc (@, = +1/3). Much of this discrepancy can be due to dust in
the host galaxy causing reddening of the quasar (e.g. Richards et al.
2003; Davis et al. 2007). It may be that dust on large scales in the
host galaxy has yet to form at the extremely high redshifts probed
here, although it is clear that the central regions have metallicity
close to or beyond solar (Section 4.4.2; see also Section 5.2).

Nonetheless, none of the quasars in the z ~ 1 SDSS sample of
Davis et al. (2007) has spectra as blue as PSO J006 + 39 (equivalent
to a, ~ 1). We speculated in Section 4.3 that this may be produced
if the accretion flow is highly super-Eddington, resulting in the
inner accretion flow puffing up into a funnel. The apparently small
outer radius seen in our spectral fits is then set by the outer edge
of the funnel rather than by the outer disc itself, and emission from
inside the funnel is geometrically beamed by the opening angle
of the funnel (King et al. 2001). We note that Wang et al. (2014)
calculated spectral models of a super-Eddington disc, but ignore
the effect of reflection from the funnel, so their models remain
rather red.

The uniquely blue spectral index of PSO J006 + 39 comes then
from a combination of factors; first the flow has to be highly super-
Eddington in order to puff up into a funnel, and secondly our
line of sight has to intersect this smaller solid angle. The flow
is super-Eddington even at low spin (Lyoi/Leaa ~ 9). However,
local, lower mass AGNs which appear similarly super-Eddington
do not show such blue spectra (e.g. RXJ0439 with M /Mggq = 12
has a;, = —2.35; Jinet al. 2017b). Note that M / Mgqq in their work is
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equivalent to Lyo/Lggq in this work. This could support an argument
for high black hole spin in PSO JO06 + 39 as then the same outer
disc mass accretion rate (which is constrained by the data) leads
to a larger bolometric flux so it is more super-Eddington (e.g. with
maximal spin we have Lyo/Lgqg ~ 44). This is more extreme than
any local AGN, so would give a more extreme accretion geometry.

The very blue slope also has implications for the ionizing flux
from AGN in the early Universe. Simulations predict that the
dominant population at z > 7 is from low-mass black holes accreting
at high Eddington fractions (e.g. Fanidakis 2011). This makes
them similar to the local Narrow Line Seyfert 1 (NLS1) class
of AGN, and potentially similar to PSO JO06 4 39 but at lower
mass. The NLSI in the local Universe have spectra which are
much more EUV bright than the standard AGN template spectra
such as that shown as the black line in Fig. 7 (see e.g. fig. 6
in Casebeer, Leighly & Baron 2006). Thus, their contribution to
reionization of hydrogen/helium in the early Universe is severely
underestimated by the standard template AGN SED (e.g. Haardt &
Madau 2012). However, if the disc puffs up then the escape fraction
from the AGN is low, so that their contribution is suppressed. More
physical models of the AGN spectra and geometry are required in
order to properly calculate their contribution to reionization at high
redshift.

Black hole spin plays a large role in the formation and evolution
of SMBHs. Many models assume that the growth rate of the black
hole is limited to Mggq = Lgaa/(1(a)c?), which is lower for higher
black hole spin due to the increased efficiency, n(a). c is the speed
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Figure 9. Distribution of the power-law continuum slope versus bolometric
luminosity Ly for z > 6 quasars. The bolometric luminosity is derived from
the scaling relation of Shen et al. (2008) for all the data shown here. The
horizontal dashed line indicates the prediction from SS73 model. The black,
blue and magenta cross-marks show the continuum slope results from M17,
Jiang et al. (2007), and De Rosa et al. (2011), respectively. The red data
with error bar is PSO J006 + 39 in this work. Since the continuum slope of
the two blue quasars in Jiang et al. (2007) is recalculated in De Rosa et al.
(2011), these two quasars in different works are further marked with squares
and circles for SDSS J1306+0356 and SDSS J1030 + 0524, respectively.
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Figure 10. Fe /Mg line ratio distribution for high-redshift quasars. The
results of high-redshift quasars from M17 and De Rosa et al. (2011, 2014)
are shown in black, magenta, and gold colours, respectively. Note that the
results done by De Rosa et al. (2014) are all reprocessed in M17. The sky
blue shows the quasars in Jiang et al. (2007) with typical continuum slope
while the blue shows those with blue continuum slope. The circle indicates
the line ratio value while the downward triangle indicates the upper limit.
We show Fe 1/Mg 11 line ratio of PSO J006 + 39 from the double Gaussian
fitting for Mg 11 in red, but also show the line ratio from the single Gaussian
fitting in green for fair comparison with M17. Same quasars with more than
one measurement are labelled in the same symbols as indicated in the legend.
Other quasars with only one measurement are labelled as filled laying bar.
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of light. With this condition it is hard to form massive quasars at
z = 6 — 7 from accretion on to low-mass black hole seeds in the
early Universe. However, the observation that flows in the local
Universe can be super-Eddington shows that it is likely that black
holes can grow at super-Eddington rates with sufficient gas supply
(Jin, Done & Ward 2016; Jin et al. 2017b).

Recently there have been multiple efforts to understand how black
hole mass accretion rate and spin evolve as the SMBH and their
host galaxy grow from the early Universe to the present day (e.g.
Volonteri et al. 2005; Sijacki, Springel & Haehnelt 2009; Fanidakis
et al. 2011; Griffin et al. 2018). Gas accretion in a fixed plane spins
up the black hole, leading to maximal spin when the black hole
mass doubles, but separate small accretion episodes with random
angular momentum can lead to random walk spin-up/spin-down,
resulting in low black hole spin. The supply of gas is linked to
the host galaxy and its evolution, with major mergers leading to
widespread star formation, triggering gas flows into the nucleus
to power the accretion-fed growth of the black hole. These also
eventually lead to black hole-black hole mergers, which also affect
the spin distribution. Such models predict a link between black hole
spin and host galaxy morphology, though they are dependent on
multiple assumptions (e.g. Sesana et al. 2014; Griffin et al. 2018).

If the black hole is indeed high spin then we might expect that
it can power a strong jet. The Blandford—Znajek (BZ) mechanism
(Blandford & Znajek 1977) claims that high black hole spin and the
strong magnetic field are two critical physical properties to produce
a powerful jet in an AGN. Given the high Eddington ratio that we
obtain from the SED fitting in Section 4.3, PSO JO06 + 39 may fitin
the scenario of super-Eddington ratio with slim accretion disc that
can produce jet (Tchekhovskoy 2015) if the magnetic field is strong.
Currently, we only know a few quasars that may have jets in the high-
redshift Universe. In Bafiados et al. (2015) they reported only nine
radio-loud quasars found at z ~ 6, corresponding to 6 — 19 per cent
among total high-redshift quasars. It is still unclear that whether
PSO J0064-39 is radio loud or quiet. There is no signal from PSO
JO06 + 39 in the TIFR GMRT Sky Survey (TGSS; Intema et al.
2017) carried out at the Giant Metrewave Radio Telescope (GMRT;
Swarup et al. 1991) at 150 MHz. The detection limit of TGSS is 5
mlJy beam™!. With an extrapolation of the slope in the NIR spectrum
to 4400 A, the radio loudness R(f, 1.4GHz/ f, 4400 4) i below ~120
for PSO J006 + 39. Therefore, whether it is a radio-loud quasar still
awaits future observations to confirm.

5.2 BLR’s chemical abundance in PSO J006 + 39

We first examine the chemical abundance of PSO JO06 + 39. The
photoionization calculations show that the actual metallicity is likely
2 < ZIZ¢ < 5, while the smallest x> among all metallicities is
found at 2 Zg) (Section 4.4.2). In Fig. 8, most of the observed
line ratios fall in this metallicity range except for He1/C1v and
(O1 + Sim)/C1v line ratios. These discrepancies between the line
ratios are probably due to the simple assumption of indices (I" and §)
in the line integration (see NO6 for more discussions). Although
there is ambiguity in the metallicity value, PSO J006 4 39 is very
likely to have a super solar metallicity in the BLR. This is consistent
with the result from Jiang et al. (2007) that z 2 6 quasars typically
have super solar (~4Z)) metallicities.

We now compare PSO JO06 + 39 with other quasars to find
out whether it has lower chemical abundance. Given that there is
no strong evidence so far for high-redshift quasars showing lower
chemical abundance than low-redshift quasars (Section 1), finding a
low-metallicity quasar at high redshift may reveal the reason behind
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Figure 11. Observed line ratios from low- to high-redshift quasars. The high-redshift quasars from Juarez et al. (2009), Shin et al. (2013), Batra & Baldwin
(2014), and De Rosa et al. (2014) are shown in green, blue, magenta, and gold cross-marks with error bars, respectively. The sky blue, navy, and red colours
are the same as Fig. 10. Each black line represents one luminosity group from NO6, and each luminosity group spans one magnitude. The brightest group is
—29.5 < M < —28.5 while the faintest group is —24.5 < Mp < —25.5. Overall, the brighter group shows higher line ratios except for He 1I/C 1v, which has a

lower line ratio for brighter groups.

this discrepancy between theoretical prediction and observational
evidence. We show the Fell/Mg1I line ratio comparison between
PSO J006 + 39 and quasars at z 2 5.8 with available Fe /Mg 11
line ratio in Fig. 10. We find that PSO JO06 + 39 has relatively
low Fe1l/Mg1l line ratio compared to quasars at 5.8 < z < 6.4
if we adopt the result from the double Gaussian fitting for MgII.
We caution that this result could be strongly affected by different
assumptions in the fittings. For example, M17 assumed 10 per cent
of normalization factor for Balmer pseudo-continuum while both
De Rosaetal. (2011) and De Rosa et al. (2014) assumed 30 per cent.
We adopt a double Gaussian function for Mg 11 line fitting while M17
adopted a single Gaussian function. Jiang et al. (2007) stated that
they applied Gaussian convolution on the Fell template without
showing specific value while De Rosa et al. (2011) specifically
mentioned that they applied FWHM = 15 A. The small uncertainty
in our result may be due to the better SNR in our data compared to
the data used by M17, but this does not include all these systematic
errors.

We also directly compare individual line ratios between quasars
studied so far and PSO JO06 + 39. This may be useful because
NO6 found that different line ratios have different relations with
metallicities. We show the line ratio as a function of redshift
in Fig. 11 and as a function of Mgy in Fig. 12. The selected
quasar samples include nearby AGNs (Shin et al. 2013), nitrogen-
loud SDSS quasars (Batra & Baldwin 2014), SDSS quasars with
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NIR spectra (Juarez et al. 2009), and z ~ 6 quasars (Jiang et al.
2007; De Rosa et al. 2014). In addition, the SDSS low-redshift
(2.0 < z < 4.5) quasar sample is classified into different luminosity
groups according to NO6. In Fig. 11, we find that both Nv/C1v
and He1/C1v line ratios of PSO J006 + 39 show lower values
while other line ratios of this quasar show similar values compared
to quasars from NO6 and Batra & Baldwin (2014). Other quasar
samples are roughly consistent with PSO J006 + 39. We also find
that the quasars with the UV continuum slopes bluer than the SS73
model do not show significantly different line ratios compared
to redder quasars in Fig. 11. This is consistent with the results
shown in Fig. 8. From the comparison in Fig. 11, we find different
interpretations for the metallicity of PSO JOO6 + 39 using different
line ratio indicators. With the lower value in N v/C1V ratio, our
CLOUDY calculation (Fig. 8) suggests that PSO J006 + 39 indicates
lower metallicity compared to most z < 5 quasars. However, Fig. 8
suggests that the lower value of PSO J006 4 39 in He 1/C 1V ratio
also indicates slightly higher metallicity compared to most z < 5
quasars while the similar value in N v/He 11 has similar metallicity.
It is possible that metal abundance pattern in the BLR of quasars is
different from the solar metal abundance pattern.

We address potential issues in measuring metallicity by using
the metal line flux ratios. First, since luminosity (N06) and Mgy
(Matsuoka et al. 2011, see also Fig. 12) both have relations with the
metallicities in the BLR of quasars, we should select quasars with
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Figure 12. Mass—metallicity relation for three different line ratios. Black
line shows the group of quasars with —0.2 < log(Lyol/Ledd) <0.0 from
Matsuoka et al. (2011). The sky blue, navy, red, and gold cross-marks with
error bars are the same in Fig. 11.

similar luminosity and Mgy group for fair metallicity comparison.
However, after extrapolating the power-law continuum of this
quasar to optical blue absolute magnitude (Mg), we find that the
My of PSO JO06 + 39 is fainter (~— 24.4) than any luminosity
group presented by NO6. In addition, due to the large uncertainties
in the Mpy measurements, grouping of quasars in terms of similar
Mgy is difficult. Second, it is doubtful to use the nitrogen lines in
metallicity determination for nitrogen-loud quasars (e.g. Hamann
et al. 2002; Jiang, Fan & Vestergaard 2008). It is possible that
strong nitrogen lines are due to the nitrogen overabundance than
expected from ordinary scaling relation between N/O and O/H,
instead of the overall high metallicity. Since PSO J006 + 39
is not a nitrogen-loud quasar (no detection of N1v] 21486 and
N1i1] A1750 and no prominent broad emission line of N V), the
lower NV/C1v ratio of this quasar compared to the nitrogen-
loud quasars from Batra & Baldwin (2014) may be caused by
their unusual nitrogen abundances. In this sense, PSO J006 + 39
can be compared to stacked quasar spectra in NO6 in which the
contribution from nitrogen-loud quasars is likely small, because
nitrogen-loud quasars comprise only 1 percent of SDSS quasars
even though EW of nitrogen emission line in nitrogen-loud quasars
is one order of magnitude higher than nitrogen quiet (Jiang et al.
2008). In comparison with N06, N v/C1v in Fig. 11 indicates that
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the metallicity of PSO J006 + 39 is lower than that of quasars in
NO6 in contrast to relatively higher metallicity in He 1I/C1v, when
we use the newest version of the CLOUDY. These trends are similar
to that we found in comparison with nitrogen-loud quasars. This
suggests that the potential issue behind the comparison in Fig. 11
might include not only the unusual nitrogen abundance but also the
difficulty of accurate modelling of emission lines of BRLs. Actually
we found that He 11/C Iv—metallicity relation dramatically changed
from the correlation to anti-correlation depending on the different
versions of CLOUDY as shown in the top-middle panel in Fig. 8.

6 CONCLUSIONS

We found that PSO J006 + 39 has a relatively less massive Mgy
(~10% M) and an exceptionally blue power-law continuum slope
(a;, = —2.94 £ 0.03) compared to other quasars at z > 6.5. We
performed SED model fitting and find that this blue continuum slope
can be explained by the accretion disc model proposed by Done et al.
(2012) with a very small disc (~230R,). This is perhaps due to the
flow puffing up into a funnel which is most easily explained if the
black hole has high spin and the flow is highly super-Eddington
(Lvoi/Lgga ~ 44) according to King et al. (2001). This indicates
the high spin at such high redshift for the first time, and appears
consistent with the models of black hole spin evolution proposed by
Sesana et al. (2014). Our analysis showed that this quasar exhibits
super solar metallicity based on our photoionization calculations,
but the measured Fe /Mg 11 line ratio is relatively low compared to
known 5.8 < z < 6.4 quasars. However, other different line ratios
indicate different metallicities. Therefore, we could not confirm
whether this quasar has lower metallicity compared to other quasars.
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