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ABSTRACT

Quasars are the most luminous non-transient objects known and as a result they enable studies
of the Universe at the earliest cosmic epochs. Despite extensive efforts, however, the quasar
ULAS J1120+0641 at z = 7:09 has remained the only one known at z > 7 for more than half a
decade 1. Here we report observations of the quasar ULAS J134208.10+092838.61 (hereafter
J1342+0928) at redshift z = 7:54. This quasar has a bolometric luminosity of 4 � 1013 times the
luminosity of the Sun and a black hole mass of 8 � 108 solar masses. The existence of this
supermassive black hole when the Universe was only 690 million years old—just �ve percent
of its current age—reinforces models of early black-hole growth that allow black holes with
initial masses of more than about 104 solar masses 2,3 or episodic hyper-Eddington accretion 4,5.
We see strong evidence of absorption of the spectrum of the quasar redwards of the Lyman a
emission line (the Gunn-Peterson damping wing), as would be expected if a signi�cant amount
(more than 10 per cent) of the hydrogen in the intergalactic medium surrounding J1342+0928
is neutral. We derive a signi�cant fraction of neutral hydrogen, although the exact fraction
depends on the modelling. However, even in our most conservative analysis we �nd a fraction
of more than 0.33 (0.11) at 68 per cent (95 per cent) probability, indicating that we are probing
well within the reionization epoch of the Universe.

We detected the quasar J1342+ 0928as part of an on-going effort to �nd quasars atz> 7 by mining
three large-area surveys: theWide-�eld Infrared Survey Explorer6 (ALLWISE), the United Kingdom
Infrared Telescope Infrared Deep Sky Survey (UKIDSS) Large Area Survey7, and the DECam Legacy
Survey (DECaLS; http://legacysurvey.org/decamls). At redshifts of more than about7, residual neutral
hydrogen in the intergalactic medium (IGM) absorbs virtually all �ux bluewards of the Lymana (Lya )
emission line, which is redshifted to observed wavelengths of greater than about one micrometre, meaning
that quasars at these redshifts are not detectable in the optical bands. To identify quasars at redshifts
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greater than 7, we therefore required a detection in both UKIDSSJ andWISEW1 bands with a signal-
to-noise ratio greater than 5 and no source in the DECaLS DR3 catalogue within300. We also required
a non-detection in the DECaLSzDE-band image, as indicated by a �ux ofzDE;3s � J > 2 determined by
forced photometry (herezDE;3s is the3s lower limit for the magnitude of the quasar in the DECaLS
zDE-band image). Finally, we required a �at spectral energy distribution, which eliminates a large fraction
of the most common contaminants of searches for quasars at redshifts of more than about7: low-mass
brown dwarfs in our Galaxy8. The survey photometry used to identify J1342+ 0928is listed in Extended
Data Table 1.

We con�rmed J1342+ 0928 as a quasar with a 10 min spectrum with the Folded-port InfraRed
Echellette (FIRE) spectrograph in prism mode at the Magellan 6.5 m Baade telescope at Las Campanas
Observatory on 9 March 2017. To analyse the emission line properties in greater detail, we obtained
deeper and higher-resolution spectra with FIRE, the Large Binocular Telescope (LBT) Utility Camera
in the Infrared (LUCI) spectrograph at the Large Binocular Telescope, and the Gemini Near-Infrared
Spectrograph (GNIRS) at the Gemini North telescope. The LUCI spectrum provided the �rst detection of
the MgII emission line at� 2:4mm but it was superseded by the higher-signal-to-noise ratio and larger
wavelength coverage of the GNIRS spectrum. We also obtained deep follow-up photometry with the
Magellan/Fourstar infrared camera on 19 March 2017. These data were used to bring the spectra to an
absolute �ux scale, compensating for slit-losses. The combined spectrum and follow-up photometry of
J1342+ 0928 are shown in Fig. 1.

The systemic redshift of this quasar isz= 7:5413� 0:0007(all error bars reported here correspond to
1s or the central 68% interval of the distribution), measured using IRAM/NOEMA observations of the
[C II ] 158mm emission line from its host galaxy9. The redshift measured from a Gaussian �t to the MgII

line (see Fig. 1) is7:527� 0:004, that is, blueshifted by500� 140km s� 1 with respect to the systemic
redshift. This is consistent with the velocity offsets observed10 in other quasars atz > 6. Adopting a
cosmology11 with a current value of the Hubble parameter ofH0 = 67:7km s� 1 Mpc� 1, and cosmological
density parametersWM = 0:307andWL = 0:693, this quasar is situated at a cosmic age of just 690 Myr
after the Big Bang—that is, when the Universe was about 10% younger than at the redshift of the previous
most distant quasar known1—at times when conditions in the Universe were changing rapidly12.

The mass of the central black hole of the quasar can be estimated using the quasar luminosity and the
full-width at half maximum of its MgII line, under the assumption that local scaling relations13 are still
valid at high luminosity and high redshift14. The apparent ultraviolet magnitude measured at rest-frame
1;450 	A from the quasar spectrum ism1;450 = 20:34� 0:04, which translates to an absolute magnitude
of M1;450 = � 26:76� 0:04. To calculate the bolometric luminosity of the quasar (LBol), we �rst �t a
power-law continuum to the spectrum and measure the luminosity at rest-frame3;000 	A (L3;000). We
then use the bolometric correction15 LBol = 5:15� L3;000, which results inLBol = 4:0� 1013L� , where
L� is the luminosity of the Sun. The MgII line has a full-width at half maximum of2;500+ 480

� 320kms� 1,
which together with the luminosity yields a black hole mass of7:8+ 3:3

� 1:9 � 108M� , whereM� is the mass
of the Sun. The reported errors do not include the dominant systematic uncertainties in the local scaling
relations13 of 0.55 dex. The accretion rate of this quasar is consistent with Eddington accretion, with an
Eddington ratio ofLBol=LEdd = 1:5+ 0:5

� 0:4.

The existence of supermassive black holes in the early Universe poses crucial questions about their
formation and growth processes. Observationally, the most distant quasars provide joint constraints
on the mass of black-hole `seeds' and their accretion ef�ciency. Assuming a typical matter-energy
conversion ef�ciency4 of 10%, a black hole accreting at the Eddington rate grows exponentially on
timescales of around 50 Myr. In Fig. 2 we show the black-hole growth of three quasars assuming that
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they accrete at the Eddington limit throughout their entire life: J1342+ 0928atz= 7:54, J1120+0641 at
z= 7:091, and SDSS J0100+2802 atz= 6:3316. These are the quasars that currently place the strongest
constraints on early black-hole growth. In all three cases, black-hole seeds of at least1000M� are required
by z = 40. The existence of these supermassive black holes atz > 7 is at odds with models of early
black-hole formation that do not involve either massive (more than about104M� ) seeds or episodes of
hyper-Eddington accretion.

The epoch of reionization was the last major phase transition in the Universe, when it changed from
being completely neutral to ionized. The presence of complete Gunn-Peterson troughs17 in the spectra
of z& 6 quasars indicates that there were only traces of neutral hydrogen (volume-averaged fraction of
neutral hydrogenxHI > 10� 4) at z � 6. Because the Lya transition saturates at larger neutral fraction,
Gunn-Peterson troughs are sensitive to only the end phases of reionization17. Therefore, to probe the epoch
when reionization occurred, we need alternative methods. During earlier stages of reionization (xHI > 0:1),
neutral intergalactic matter should produce the characteristic damped Gunn-Peterson absorption redwards
of the Lya emission line18 (this region of the spectrum is hereafter referred to as the damping wing).
Evidence of this long-sought signature in quasar spectra has been reported only once, in the previous
redshift record holder atz= 7:091,19,20.

To calculate the implied fraction of neutral hydrogen in the IGM (xHI), we must �rst estimate the
shape of the unabsorbed continuum and then �t a parameterized absorption model using the data and
continuum as inputs. This analysis is challenging because assumptions about the process of reionization
need to be made and estimating the intrinsic strength of the Lya emission for one single quasar is not
straightforward. The latter is particularly dif�cult for the case of J1342+ 0928, which has extreme line
blueshifts, which greatly reduces the number of lower-redshift quasars with which this source can be
compared. We summarize our approach in Fig. 3: we follow previous work1,20 to estimate the intrinsic
continuum by searching for lower-redshift quasars with similar spectral features to J1342+ 0928and
a previously described method18 to obtain an estimate of the neutral fraction. The main result is that
a signi�cantly neutral IGM is necessary to reproduce the damping-wing pro�le of J1342+ 0928. We
�nd xHI = 0:55+ 0:21

� 0:18, with the95%central interval of thexHI distribution of0:26� 0:93 (see Fig. 3). To
explore how robust this result is, we consider an alternative model for the intrinsic emission from the
quasar and two more elaborate models of the damping wing (Methods). All our analyses strongly favour a
scenario in which the IGM surrounding J1342+ 0928is signi�cantly neutral, although the exact fraction
of neutral hydrogen depends on the method (see Extended Data Table 2). Nevertheless, even our most
conservative method indicatesxHI > 0:11 at 95% probability. Higher signal-to-noise ratio and larger
wavelength coverage of the spectrum of the quasar is necessary to re�ne and strengthen this result.

An important caveat of our �nding is that a similar absorption pro�le could also be caused by a single
high-column-density absorber (NH I > 2� 1020cm� 2) in the immediate vicinity of the quasar18. Although
we �nd a large number of foreground heavy-element absorbers at lower redshifts, we �nd no evidence
for metal-line absorption at redshifts near that of the quasar. Adopting the methodology of Simcoe et al.
(2012)21, a single Lya absorber atz= 7:49� 0:01andNH I = 1020:50+ 0:32

� 0:45 cm� 2 could produce the damping
wing observed in J1342+ 0928. However, this absorber could have a metal abundance of at most1=1;700
times the solar value for oxygen (95%con�dence), which would make it among the most distant and
metal-poor absorbers known21. The probability of intercepting a discrete absorber withNHI & 1020:50cm� 2

within 2000kms� 1 of a quasar atz= 7:5 is less than1%, based on the number density of such systems at
lower redshifts22. This low probability supports the hypothesis that the absorption pro�le in J1342+ 0928
is instead probing the neutral IGM gas in the epoch of reionization.

Finally, the fact that both known quasars atz> 7 show evidence of damping wings con�rms that we
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are starting to probe well within the epoch of reionization (see Fig. 4), in agreement with recent indications
based on the number density of Lya -emitting galaxies at similar redshifts23 and results from the cosmic
microwave background12.
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