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Abstract

The existence of billion-solar-mass black holes hosted in luminous quasars within the first gigayear of cosmic
history poses a challenge to our understanding of supermassive black hole (SMBH) growth. The problem is
further exacerbated by the very short quasar lifetimes of 7 S 10° yr, as derived from the extent of their proximity
zone (PZ) sizes observed in the quasars’ rest-UV spectra. However, the quasar lifetime estimates based on the
extents of the PZs may be underestimated, as time-variable obscuration effects might have limited the quasars’
emission along our sightline in the past. In this work, we present independent quasar lifetime measurements for
six quasars at z ~ 6 leveraging the extended nebular emission perpendicular to our line of sight. We use
observations from the Very Large Telescope/Multi-Unit Spectroscopic Explorer to search for extended Lya
emission in the circumgalactic medium around quasars with small PZs and estimate their lifetimes as the light
travel time between the SMBH and the outer edge of the nebula. We find agreement between the independent
lifetime estimates. For one object we find a proximate absorption system prematurely truncating the extent of the
quasar’s PZ, which thus results in an expected discrepancy between the lifetime estimates. Our results provide
further evidence that the quasars’ current accretion episode has only recently begun, challenging our models of
SMBH growth.

Unified Astronomy Thesaurus concepts: Quasars (1319); Supermassive black holes (1663); Nebulae (1095);
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Circumgalactic medium (1879); Early universe (435)

1. Introduction

The growth of supermassive black holes (SMBHs) through
accretion is accompanied by the release of copious amounts of
radiation (A. Soltan 1982; Q. Yu & S. Tremaine 2002),
enabling their observation as quasars out to high redshifts
(X. Fan et al. 2023). However, the discovery of billion-solar-
mass black holes (BHs) hosted in quasars at z 2> 6 (e.g.,
X.-B. Wu et al. 2015; E. Banados et al. 2018; F. Wang et al.
2020, 2021) presents a significant challenge to standard BH
growth models. Even under the assumption of continuous,
Eddington-limited accretion, growing an SMBH from a
100 M, seed to a billion solar masses would require nearly
1 billionyr (K. Inayoshi et al. 2020). This timescale is
comparable to the age of the Universe at these redshifts.

Maintaining such steady growth is challenging for many
reasons, e.g., due to disruptions from BH feedback and
supernova explosions (e.g., J. L. Johnson & V. Bromm 2007,
D. Whalen et al. 2008; Y. Zhou et al. 2024). A variety of
alternative pathways have thus been proposed to allow a more
rapid BH mass build-up over cosmic time, such as episodic
accretion with phases of obscured growth and/or super-
Eddington accretion (F. B. Davies et al. 2019; S. Satyavolu
et al. 2023a), growth driven by BH mergers (e.g., M. Volonteri
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& M. J. Rees 2006; T. Tanaka & Z. Haiman 2009), or jet-
assisted growth (T. Connor et al. 2024).

The problem gets even more severe as high-redshift quasars
appear to have only been active for a short amount of time.
Short UV-luminous quasar lifetimes have been measured at
z ~ 6 primarily from proximity zones (PZs), the regions of
increased transmission blueward of Lya carved out into the
intergalactic medium (IGM) by the quasars’ ionizing radiation.
Considering the balance of photoionization and recombination
timescales for a hydrogen-rich IGM, A.-C. Eilers et al. (2017)
used radiative transfer simulations to establish a relation
between Lya PZ sizes and quasar lifetimes. Since then, such
measurements of PZ sizes (A.-C. Eilers et al. 2017, 2018,
2020, 2021; K. A. Morey et al. 2021; S. Satyavolu et al.
2023b), as well as the modeling of damping wings
(F. B. Davies et al. 2019; D. Durovéikova et al. 2024), have
revealed a population of quasars with surprisingly small PZs
that imply lifetimes of 7o < 10° yr. These short SMBH growth
timescales at z ~ 6 have been supported by independent
measurements of quasar duty cycles from clustering measure-
ments (A.-C. Eilers et al. 2024; E. Pizzati et al. 2024).

Interestingly, one way to alleviate the tension between the
long BH growth timescales required by Eddington-limited
accretion and the short timescales implied by quasar lifetime
measurements at z ~ 6 is if time-variable, sightline-dependent
obscuration effects are present (F. B. Davies et al. 2019;
S. Satyavolu et al. 2023a). If luminous high-redshift quasars
indeed underwent a significant portion of their SMBH growth
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Table 1
The Quasar Sample Used in This Study

Quasar R.A. Decl. Redshift M 450" pr log 1o° References® Total Exp. Time
(hh:mm:ss.ss) (dd:mm:ss.s) (mag) (pMpc) (yr) (s)
PSO J004+-17 00:17:34.47 +17:05:10.7 5.8166 —-26.01 1.16 £ 0.15 36103 E21 14090
SDSS J0100+2802 01:00:13.02 +28:02:25.8 6.3270 —29.14 7.12 £ 0.13 511443 D20 12681
VDES J0330-4025 03:30:27.92 —40:25:16.2 6.249 —26.42 1.6979%2 4.1+ 8 E21 14090
PSO J158-14 10:34:46.51 —14:25:15.9 6.0685 —27.41 195 +£ 0.14 3.8704 E21 30540
CFHQS J2100-1715° 21:00:54.62 —17:15:22.5 6.0806 —25.55 037 £ 0.15 23 £ 0.7 E21 13338
CFHQS J2229+1457 22:29:01.65 +14:57:09.0 6.1517 —24.78 047 £ 0.15 29498 E21 16908

Notes. All errors are 1o errors.

? The absolute magnitude at rest frame 1450 A.
® The PZ size.

¢ The quasar lifetime based on the PZ size.

d The reference from which the redshift, Ry, and 1o measurements are adopted. Note that all redshifts are from [C II] observations, except for VDES J0330-4025,
whose redshift is Mg II based while accounting for the Mg II-[C 11] systematic shift. E21—A.-C. Eilers et al. (2021); D20—F. B. Davies et al. (2020).
¢ Deep MUSE observations of this quasar have been previously analyzed by A. B. Drake et al. (2019) and E. P. Farina et al. (2019). We include this data in our study

for completeness.

in a partially obscuring medium, the UV emission along some
sightlines could have been limited in the past, thus potentially
imprinting smaller PZs or stronger damping wings in the
observed spectra of these quasars (F. B. Davies et al. 2019).
Likewise, the short quasar duty cycles measured via clustering
studies of UV-luminous quasars at z ~ 6 could be explained if
the fraction of obscured quasars in the early Universe is high
(A.-C. Eilers et al. 2024).

To investigate the role that obscured growth plays in the
assembly of these early SMBHs, we apply an alternative
method to measure quasar lifetimes at high redshifts that is
sensitive to the quasar’s emission in the direction perpend-
icular to our line of sight. This method relies on the imprints of
quasars’ radiation on a much smaller (~kpc) spatial scale
compared to the PZs (~Mpc), namely, on the extended nebular
emission of the gas inside the circumgalactic medium (CGM)
around the quasar. Assuming that this nebular glow is powered
by the quasar’s radiation, which has been shown to be the case
at least for the brightest nebulae (S. Cantalupo et al. 2014;
E. Borisova et al. 2016b; T. Costa et al. 2022), the quasar
lifetime is measured as the light travel time between the quasar
and the outer edge of the nebula. Such a measurement relies on
a fundamentally different physical mechanism than PZ-based
lifetimes (i.e., light travel timescale versus hydrogen recombina-
tion timescale) and thus constitutes an independent measurement
of quasar ages. This method has been previously applied to
quasars at lower redshifts (R. Trainor & C. C. Steidel 2013;
S. Cantalupo et al. 2014; J. F. Hennawi et al. 2015; E. Borisova
et al. 2016a), but such extended nebular emission has been
found to be ubiquitous around quasars across cosmic time
(e.g., T. M. Heckman et al. 1991a, 1991b; L. Christensen et al.
2006; J. F. Hennawi & J. X. Prochaska 2013; S. Cantalupo et al.
2014; D. C. Martin et al. 2014; F. Arrigoni Battaia et al. 2016;
E. Borisova et al. 2016b; E. P. Farina et al. 2017, 2019;
A. B. Drake et al. 2019).

In this work, we use deep (>3.5 hr) observations with the
Very Large Telescope/Multi-Unit Spectroscopic Explorer
(MUSE; R. Bacon et al. 2010) to measure nebular lifetimes
of a sample of z ~ 6 quasars with small PZs and thus short
inferred lifetimes of 7o < 10° yr (some of which are as low as
g ~ 10° yr; A.-C. Eilers et al. 2020, 2021; M. Yue et al. 2023).

We chose this sample for two reasons. First, the extremely
short PZ-based lifetimes of these high-redshift quasars, taken
together with their measured single-epoch BH masses, pose
the greatest challenge to our understanding of SMBH
assembly. Second, because the growth of ionized nebulae is
limited by the speed of light (see Appendix A) and the ionizing
photon flux decays as ~1//* away from the quasar, these
young quasars should be surrounded by nebulae that are small
enough to measure their true extent above the noise level.
Notably, E. P. Farina et al. (2019) and A. B. Drake et al.
(2019) have found an intriguing nondetection of a Ly« nebula
in a deep (3.7 hr) observation of the z ~ 6 quasar CFHQS
J2100-1715 that exhibits a small PZ corresponding to a
lifetime of 7 < 10% yr, as well as two more nondetections in
shallower observations of quasars with short PZ-based
lifetimes, SDSS J0100+2802 and CFHQS J2229+1457. Our
study aims to explore this result further and establish whether
these quasars have indeed only recently begun their accretion
activity, showing only very small (or no) extended nebular
emission, or whether very extended nebulae are present, which
would point toward sightline-dependent obscuration effects as
the cause for the small observed PZs.

We first describe the data set in Section 2 and subsequently
explain how we search for Lya nebulae in Section 3. In
Section 4, we explain the details of the nebular lifetime
measurement. Finally, we discuss the comparison to the
previously published, PZ-based lifetimes for our quasar
sample as well as the implications of our results in
Section 5. Throughout this paper, we use the flat ACDM
cosmology with & = 0.67, Q; = 0.31, Q, = 0.69 (Planck
Collaboration et al. 2020).

2. Data
2.1. Sample of Young z ~ 6 Quasars

In order to investigate the implications of short PZ-based
lifetimes on SMBH growth, we focus on a sample of quasars
that have been previously reported to have small PZs and short
inferred lifetimes that are unaffected by gravitational lensing
(A.-C. Eilers et al. 2020, 2021; M. Yue et al. 2023). Detailed
information on this sample is shown in Table 1.
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For our search of extended Ly« emission, we use archival
observations from the VLT/MUSE integral-field spectrograph
(R. Bacon et al. 2010) in the Wide Field Mode with natural seeing
(WFM-noAO). All objects in our sample have deep (>3.5hr)
observations, which is important when searching for the faint
extended emission. PSO J158-14 and VDES J0330-4025 were
observed between 2020 November and 2021 March under
program 106.215A (PI: Eilers). PSO J004+17 was observed
between 2021 November and 2022 September under program
108.222)J (PI: Eilers). For SDSS J0100+2802, we combine
observations from program 108.222J (PI: Eilers, observed in 2021
October and November) and 0101.A-0656 (PI: Farina, observed
in 2018 August). Observations of CFHQS J22294-1457 are
combined from program 108.222] (PI: Eilers, observed between
2021 October and 2022 August) and 0103.A-0562 (PI: Farina,
observed in July 2019).° Observations of CFHQS J2100-1715
come from 2016 August (program 297.A-5054, PI: Decarli)
and have been analyzed before by A. B. Drake et al. (2019)
and E. P. Farina et al. (2019). We choose to reanalyze the last
quasar here for completeness and for consistency with the rest
of our sample. The total exposure times for individual quasars
are listed in Table 1.

2.2. Data Reduction

The data used in this study were reduced using the MUSE
Data Reduction Software (P. M. Weilbacher et al. 2012, 2014),
which performs bias subtraction, flat-fielding, twilight and
illumination corrections, and applies wavelength and flux
calibration using standard stars. For CFHQS J2100-1715, we
use the same archival observations as well as reduction
pipeline as in E. P. Farina et al. (2019) and A. B. Drake et al.
(2019). Note that on top of the standard reduction pipeline
(v2.6), E. P. Farina et al. (2019) implement a number of
custom steps, including improvements to flat-fielding and sky
subtraction, and a custom absolute flux calibration and
astrometry solution. The rest of the observations of our quasar
sample were reduced using v2.8.7 of the MUSE pipeline with
standard parameters. As voxel-to-voxel correlations may lead
to underestimated noise properties of the thus reduced data
cubes (R. Bacon et al. 2015), we rescaled all variance data
cubes to match the measured variance of the background
(E. Borisova et al. 2016b; E. P. Farina et al. 2017, 2019;
F. Arrigoni Battaia et al. 2019). In all cases, the reduced data
cubes were further run through the Zurich Atmospheric Purge
code (ZAP; K. T. Soto et al. 2016) to further clean the sky line
emission. For the subsequent analysis, we use the ZAP-ped
data cubes as they are cleaner from artifacts, which is crucial
for our search for faint extended line emission.

3. Uncovering Lya Nebulae

In this section, we describe the analysis pipeline used to
search for extended Lya emission around the quasars in our
sample. This procedure is primarily based on the methods used
in the REQUIEM survey (E. P. Farina et al. 2019) with a few
differences on which we elaborate below.

We first cut the data cubes to 14” x 14” around the quasar
(corresponding to 80pkpc x 80pkpc at z ~ 6) to ease
computation in subsequent steps. We then mask foreground

° Note that some of the observations (<1 hr) of SDSS J0100+2802 and
CFHQS J2229+1457 were previously a part of the REQUIEM survey
(E. P. Farina et al. 2019) and yielded no nebular detections.

Durovéikovd et al.

sources using emission blueward of the Lya wavelength of the
quasar where most of the quasar radiation is suppressed due to
the IGM (J. E. Gunn & B. A. Peterson 1965). We perform this
step by collapsing the data cube in the foreground of the
quasar’s Lya emission and searching for emission above a
signal-to-noise ratio (SNR) threshold (ranging from 2 to 10
depending on the specific quasar field) to pick out obvious
sources (omitting any residual transmission of the quasar
itself). The foreground here is defined to lie between 6000 A in
the observed frame and the wavelength corresponding to 5x
the PZ size blueward of Lya (as given by Table 1; see
Appendix B).

We proceed by masking spectral channels with large surface
brightness uncertainty, strong sky line emission, or residual
detector artifacts. To remove high-uncertainty channels, we
use the variance extension of the data cube and mask spectral
channels with outlying overall uncertainty. As for the latter
two, elevated background is a telltale sign of channels with sky
line emission or residual artifacts. We remove these by
calculating the background in an annular aperture at a radius
comparable to the size of our cutout cube, and we mask
spectral channels that show rapid departures from the smoothly
varying sky background.

Subsequently, we perform point-spread function (PSF)
extraction and subtraction using standard methods, summar-
ized here briefly. We extract the PSF from the red wing of the
Ly« line, which originates from the parsec-scale broad-line
region (BLR) of the quasar and thus represents a true
unresolved point source. Specifically, we collapse each data
cube across a narrow wavelength range at 2500kms '
redward of the quasar Ly« line to create a narrowband image
that constitutes our PSF model (displayed in the second panel
from the left in Figures 1 and 2; see Appendix B for the exact
spectral regions for each quasar). This wavelength region
should thus be free of significant extended emission, assuming
the host galaxy contribution is negligible at these redshifts in
ground-based observations. With this PSF model at hand, we
subtract it from each channel separately, channel-by-channel
normalizing the model to the integrated flux inside an aperture
with a radius of 0”4 centered on the quasar (middle panel in
Figures 1 and 2).

As the last step, we use the PSF-subtracted cube to search
for extended Lya emission around the quasar. We first
compute a smoothed cube, following J. F. Hennawi &
J. X. Prochaska (2013), F. Arrigoni Battaia et al. (2015), and
E. P. Farina et al. (2017, 2019):

CONVOL[DATA, , , — PSE,, ;]

SMOOTHx,, ,] =
JCONVOR([o? )]

. (D

where DATA, , represents the data cube, PSF,, , is the
aforementioned three-dimensional PSF model normalized at
each spectral channel, and O-i,y, \ Tepresents the variance data
cube. The CONVOL operation denotes a convolution with a
three-dimensional Gaussian kernel with o, , = 0”2 in the

spatial direction and o = 2.5 A in the spectral direction (same
as in E. P. Farina et al. 2019). The thus constructed
SMOOTH][x,,,] is essentially a smoothed SNR cube
(pseudonarrowband images of ., and SMOOTH[x, ]
are shown in the two rightmost panels in Figures 1 and 2).
Identifying the extended nebular emission requires us to
search the SMOOTH[Y,,, ] cube for groups of connected
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Figure 1. Quasars in our sample with extended nebular emission. From left to right, the panels display pseudonarrowband images of (1) the quasar’s emission around
Lya, (2) the PSF extracted from the broad wing of the quasar’s Ly« line, (3) the PSF-subtracted data, (4) the x data, essentially representing the SNR of the PSF-
subtracted data, and (5) the smoothed x data showing the extended nebular emission. Panels (1), (3), (4), and (5) are collapsed across the wavelength range of the
detected nebula, and panel (2) is collapsed across the wavelength range of the PSF extraction, as displayed in Appendix B. White patches correspond to masked

foreground sources.

voxels that contain significant line emission and thus to
construct a 3D mask of the nebula. We perform this search by
first finding the most significant voxel in a 1000kms '
spectral window around Ly« and at most 1”7 away from the
quasar. Once this voxel is identified, we run a friends-of-
friends algorithm to link up all voxels that (i) have a
significance above a certain SNRy, and (ii) are within a
linking distance /iyresx,y in the spatial direction and within
lihres, ) 1n the spectral direction. Additionally, we impose that a
group has to contain more than 100 linked voxels to be
considered a nebula."”

9 Fora cyllnder with a base radius of 1”7, 100 voxels corresponds to a height
of 55kms ' centered at Lya at z = 6.

To explore the robustness of the size of the nebulae, we
repeated the linking procedure using the following combina-
tion of linking thresholds: SNRes = {2.0, 3.0}, linres vy =
{074, 076}, and sy = {2.5A, 3.75A} (corresponding to a
linking length of 2 and 3 spatial and spectral pixels,
respectively). Using the resultant 3D nebular masks, we
computed a median mask of the nebula for each quasar, which
we use in Figures 1 and 3.

We detect extended Lya emission in three quasars in our
sample (shown in Figure 1), while the remaining three do not
exhibit any nebula above the noise level (Figure 2). We further
measured the surface brightness limits for all six quasars by
collapsing each data cube across five wavelength channels
centered at the quasar’s Lya emission and measuring the
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Figure 2. Quasars in our sample without a nebular detection. Panels are the same as in Figure 1, but panels (1), (3), (4), and (5) are now collapsed in a 1000 km s~

spectral window around the quasar’s Ly« emission.

variance in a larcsec? aperture, following the literature (e.g.,
E. P. Farina et al. 2017, 2019). The measured 5o limits are
given in Table 2 and are comparable across all observations.
This fact demonstrates that the nondetections are unlikely to be
a consequence of a lack of sensitivity.

Additionally, in Figure 3 we visualize the velocity structure
in the detected nebulae. We constructed the channel maps
shown in the left part of the figure as follows. For each
detection, we measured the maximum velocity offset in the
nebular mask. We then divided the velocity range defined by
this offset into three spectral channels of equal widths
(766 kms~" for J0330-4025, 946kms~' for J158-14, and
420km s~} for JO100+4-2802), such that the second spectral
channel is centered on the quasar’s Lya emission. Within each
channel, we color-coded each nebular voxel by its velocity
offset from the Ly« emission of each quasar. Note that despite
the large velocity range of all three nebulae, the channel

1

centered on the quasar rest frame encompasses the maximum
transverse distance between the quasar and the edge of
extended emission, except in the case of JO100+2802 whose
nebula is overall blueshifted by ~-400 kms™".

Additionally, we extracted the integrated line profile of each
median nebula, shown in the right part of Figure 3. We used
the nebular line profiles to measure the velocity range, Av™
and the velocity dispersion, oY, for each quasar (Table 2).
The properties of the detected nebulaec are comparable to
nebulae found in large surveys in the literature (E. Borisova
et al. 2016b; E. P. Farina et al. 2019).

4. Quasar Lifetime Measurements Based on the Extended
Lya Nebular Emission

With the nebular (non)detections at hand, we proceed to
measure the nebular quasar lifetimes, té‘y“. Assuming that the
extended nebular emission is powered primarily by the
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Figure 3. Spectral decomposition of the three nebular detections. The left three panels display the detected nebulae in three spectral channels of equal widths
(766 km s~ for J0330-4025, 946 km s~ for J158—14, and 420 km s~ ' for J0100+2802), whereby the middle panel is centered on the quasar’s systemic redshift, as
given by Table 1. We also color-code each displayed voxel by the velocity offset from the quasar’s Ly« emission. The right panel shows the integrated emission line
profile of the detected nebula.

Table 2
The Maximum Extent as well as Quasar Lifetime Measurements from the Extended Ly« Emission
Quasar SBY, Lya AvLi f: gl . dbo log 5%
[erg s~' cm~2 arcsec 2] (kms™) (kms™) (pkpe) (yr)
PSO J004+17 29 x 1078 <2.37 <3.89
SDSS J0100-+2802 6.5 x 107% 2734182 707! 17921338 4.77+5%
VDES J0330-4025 3.8 x 10718 7937722 184187 8.367 2483 4443037
PSO J158-14 3.8 x 107'8 23331438 581483, 23.854337° 4.891039
CFHQS J2100-1715 29 x 1078 <232 <3.88
CFHQS 12229+1457 44 x 1078 <2.30 <3.88

Note. The uncertainties correspond to the 16th and 84th percentiles of the distribution of ¢ 5 and log téy“.

quasar’s radiation (e.g., S. Cantalupo et al. 2014; E. Borisova outer edge of the nebula in the transverse direction. Such
et al. 2016b; T. Costa et al. 2022), we calculate the quasar calculation only holds in the regime where the size of the
lifetime as the light travel time between the quasar and the nebula grows at or close to the speed of light, which, as we
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Figure 4. The extracted surface brightness profiles for the three quasars with nebular detections as a function of both the radial offset and the light travel time from
the quasar. The black data points correspond to the surface brightness profile of the median nebula, as described in Section 3, where we only take into account the
nebular pixels so as not to dilute signal at the edge of the nebula. We also show the surface brightness profile calculated via annular averaging of the full narrowband
image of the detected nebula as gray data points to illustrate this signal dilution. In the background, we display the median stacked surface brightness profile of
z > 5.7 quasars from E. P. Farina et al. (2017) for comparison. The red dotted lines display the 16th and 84th percentile spread of the nebular extent when the nebular
search parameters are varied. The quasar lifetime, té“y", is measured as the light travel time from the quasar to the outer edge of the detected nebula in the transverse
direction. Note that the horizontal error bars represent the binning of the annular apertures used to calculate the surface brightness. We also display the 1o (dark gray)
and 20 (light gray) background derived from the sky variance in the outermost annular aperture.

show in Appendix A, is valid for lifetimes of at least up to
té“y“ ~ 10° yr for typical CGM densities.

In order to determine the extent of each nebula, we first
compute its surface brightness profile. We collapse the PSF-
subtracted data cube across the wavelength range of the detected
nebular emission and use this pseudonarrowband image of the
nebula to perform aperture sum in annular regions centered on the
quasar at increasing radii. We choose annular apertures at
logarithmically increasing radii, starting at a separation of 074
away from the quasar—this is to avoid contamination by the
region that was used to normalize the PSF model at each
wavelength channel. Because we are interested in measuring the
maximum extent of the nebula, we only apply the aperture sum
on the voxels contained in the nebular mask to avoid diluting the
signal at the outskirts of the nebula. This is in contrast to
computing the aperture sum within the whole annulus irrespective
of the nebular mask, as is done elsewhere in the literature, e.g.,
E. Borisova et al. (2016b) and E. P. Farina et al. (2019), which
leads the surface brightness profile to smoothly approach the
background noise. This difference is illustrated in Figure 4 for the
three nebular detections in our sample, where we show both the
nebula-only surface brightness profiles (in black) alongside the
full surface brightness profiles (in gray; the difference is also
nicely illustrated in, e.g., F. Arrigoni Battaia et al. 2019).
Additionally, we show the median surface brightness stack from
the REQUIEM survey (E. P. Farina et al. 2019), scaled to the
relevant quasar redshift, in the background as a teal curve. We
also display the background surface brightness noise in gray,
which we derive from the outermost annulus that does not
include any nebular pixels. Note that the displayed surface
brightness profiles are not corrected for cosmological dimming.

We identify the maximum extent of the nebula, d Y%, based
on the largest radius bin with a nebular detection (i.e., based on
the black data points in Figure 4). We convert this radius from
angular units to physical units via the angular diameter
distance evaluated at the quasar redshift. Subsequently, we
convert this maximum nebular extent to a lifetime

measurement using the speed of light, c,

Lya
tLy(}' _ dmz){x . (2)
c

Note that d¢ here is the distance to the furthest point as
projected onto the sky, as opposed to the furthest point in the
three-dimensional space in the nebula. The transverse
(projected) distance is the relevant quantity for this measure-
ment as position and velocity information along the line of
sight are difficult to disentangle—this is due to peculiar
velocities boosting and/or broadening the Ly« emission
profile (i.e., the Finger of God and Doppler effects). Such
motion does not bias the nebular extent, and hence the quasar
lifetime, measured in the transverse direction.

As detailed in Section 3, we performed the nebula search
using a range of thresholds for the SNR and the spatial and
spectral linking lengths of individual voxels. We use all the
thus-created nebular masks to measure a distribution of
nebular extents and quasar lifetimes. We include their median
measurements as well as the 16th and 84th percentile
uncertainties in Table 2 and also show these as vertical dotted
red lines in Figure 4. For the quasars in our sample without
detected Lya nebulae, we place an upper bound on their
properties based on the spatial region we do not resolve in our
analysis (0”4). Note that the surface brightness limits given in
Table 2, which are comparable across all observations
included in our sample, suggest that these are true nondetec-
tions—in fact, even if the nebulae of these three quasars were
10x fainter than our detections (R. Mackenzie et al. 2021), we
would still expect to marginally detect them at this sensitivity.

5. Implications for SMBH Growth

We have presented new lifetime measurements for a sample
of six quasars at z ~ 6 based on the spatial extent of their
nebular Ly emission in deep (>3.5 hr) MUSE observations
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Figure 5. Left: a comparison of the newly measured Ly nebula sizes, d-¥2, to the previously published PZ sizes of the quasars in our sample, from A.-C. Eilers

et al. (2021) and F. B. Davies et al. (2020). Right: a comparison of the new quasar lifetimes derived from the sizes of Lya nebulae, 7,

LY 'to the existing PZ-based

lifetimes, tQp (A.-C. Eilers et al. 2021; F. B. Davies et al. 2020). Correlations between the nebular and PZ-based quantities suggest that line-of-sight effects are likely
not the cause of the short quasar lifetimes observed at high redshift. Indeed, we find agreement in the measured lifetimes for all quasars in our sample, except for one
quasar, J158-14 (the faded data point), whose PZ is likely truncated by a proximate absorption system.

with comparable sensitivity. Three of these quasars exhibit
extended Ly« emission, while the nebulae of the remaining
three quasars remain undetected.

This quasar sample is particularly intriguing to study from
the perspective of lifetimes as these quasars all exhibit
extremely small PZs (R;,) and thus very short PZ-based quasar
lifetimes (tQI’ summarized in Table 1; F. B. Davies et al. 2020;
A.-C. Eilers et al. 2020, 2021). A comparlson between the
sizes of the Lya nebulae of these quasars, d including the
nondetections, and their PZs (shown in the left panel of
Figure 5) suggests a correlation, meaning that line-of-sight
effects and time-variable obscuration are unlikely the cause of
these extremely small PZs. Indeed, our new nebular lifetime
measurements (shown in the right panel of Figure 5) are also
consistent with these short quasar lifetimes based on PZs. This
is remarkable particularly because the two lifetime measure-
ment methods are based on very different spatial scales (the
kiloparsec-scale CGM vs the megaparsec-scale IGM) and very
different physical mechanisms (light travel timescales vs
ionization and recombination timescales) and thus constitute
two truly independent measurements.

One of the quasars in our sample, J158-14, is shown as a
faded data point in Figure 5. This is because, upon a closer
inspection of the MUSE data, we identified a proximate Ly«
emitter (LAE) that seems to be truncating the line-of-sight PZ
of this quasar and thus results in an underestimate of the tg P
measurement. This reconciles the tension between the two
lifetime measurements for this quasar, whereby its nebular
lifetime shows that this quasar is substantially older than its PZ
seems to suggest. Coincidentally, this foreground LAE imparts
no metal absorption lines on the spectrum of this quasar and is
presented in a companion paper (D. Durovéikova et al. 2025).

The main caveats of these nebular lifetime measurements
are as follows. First, we operate under the assumption that we
are indeed seeing the edge of the nebula in the surface
brightness profiles in Figure 4. Since we chose to compute our

surface brightness profiles so as to avoid diluting the signal at
the outskirts of the detected nebula, we would expect the
surface brightness profiles to smoothly approach the back-
ground noise level if these observations were not sensitive
enough to capture the full extent of the nebular emission. This
is indeed supported by noticing that, in Figure 4, the full
narrowband surface brightness profiles of J0100+4-2802 and
J0330-4025'" (shown as gray data points) show a steeper
downturn toward the noise level than the median stack of
z > 5.7 quasars from E. P. Farina et al. (2019) shown in teal. In
the case of J158-14, the surface brightness profile seems to
suggest that the extent of the nebula might continue below the
noise level, which is not surprising given that this quasar
seems to have a much longer lifetime than the lifetime
revealed by its PZ.

Additionally, this method assumes that the dominant
mechanism behind the observed extended Lya emission is
the recombination of a free electron with an ionized hydrogen
atom. This assumption has been supported by studies at lower
redshift (C. N. Leibler et al. 2018; V. Langen et al. 2023) that
compared the extended Ly emission to the extended Ha
emission around quasars and found a close agreement with
recombination based on their respective line fluxes. However,
it should be noted that Lyca can in general also arise from
resonant scattering, which can alter the velocity profile of its
emission. The presence of scattering as the Lya photons make
their way from the BLR to and through the CGM would thus
result in an increased light travel time that we are currently not
accounting for. T. Costa et al. (2022) have shown that resonant
scattering increases the asymmetries and also the velocity
dispersion in the nebular Lya line profiles. Our measured
velocity dispersions (Table 2) are in line with the values

! Note that the last gray data point for J0330-4025 in Figure 4 is slightly
elevated; this is due to a few higher-SNR patches in the field that have not
been identified to be a part of this quasar’s nebula; see the middle panel of
Figure 1.
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expected for recombination radiation from T. Costa et al.
(2022), although the asymmetries and low spectral resolution
of the line profiles shown in Figure 3 make it difficult to draw
any definite conclusions. This limitation motivates further
deep integral-field-unit observations of the rest-frame optical
lines where resonant scattering is suppressed (e.g., Ha, [O 11])
to enable a more complete picture of nebular quasar lifetimes.

In summary, our results show that the nebular quasar
lifetimes from extended Ly« emission are consistent with the
existing PZ-based lifetimes, assuming recombination radiation
is the dominant emission mechanism. This result disfavors the
scenario where time-variable obscuration effects would have
led to short measured UV-luminous quasar lifetimes. This
finding provides further support that these z ~ 6 quasars could
have started their accretion only recently, but a study of their
rest-frame optical emission is needed for more conclusive
evidence and investigation into alternative SMBH growth
pathways.
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Appendix A
How Fast Do Lya Nebulae Grow?

The method presented in Section 4 uses the light-crossing
time of the ionized nebula as the relevant timescale to convert
the size of the nebula to a quasar lifetime constraint. This
works if the Ly« nebula itself grows at or close to the speed of
light when the quasar radiation turns on. In what follows, we
demonstrate that this is the case for typical CGM conditions
around quasars and for timescales relevant to this work.

The CGM is known to be a highly inhomogeneous,
multiphase medium. Ly« nebulae are primarily thought to be
powered through the hydrogen recombination cascade
(C. N. Leibler et al. 2018; V. Langen et al. 2023) and trace
the denser, colder neutral gas clouds within the CGM, with
typical number densities of ny ~ lem > (S. Cantalupo et al.
2014; F. Arrigoni Battaia et al. 2015; J. F. Hennawi et al.
2015). However, the volume filling factor of these neutral gas
clouds is generally small, Cy < 1072 (M. McCourt et al. 2018;
G. Pezzulli & S. Cantalupo 2019), and can be as low as
Cy ~ 107°-10"* (J. X. Prochaska & J. F. Hennawi 2009).
Such tiny values of Cy imply that most of the gas in the CGM
is ionized, enabling the ionizing photons to travel at the speed
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Figure 6. The growth of the ionized Ly« nebula size, d as a function of
quasar lifetime, téy *, following the relativistic treatment of P. R. Shapiro et al.
(2006) for a range of hydrogen number densities, ny. For typical densities of
nyy A~ 1 cm ™2 (thick curve) that are responsible for Lya nebulae (S. Cantalupo
et al. 2014; F. Arrigoni Battaia et al. 2015; J. F. Hennawi et al. 2015), the
expansion of the nebula size closely follows the speed of light (dashed line) up
to 15Y* ~ 105 yr. This is actually a lower bound on the range of lifetimes our
method is valid for, as in a more realistic, mostly ionized CGM with a low
volume filling factor of neutral gas clouds, the ionization front would move
close to the speed of light out to even larger distances.

Lya
max >

of light until they encounter a neutral patch along their line of
sight. In other words, the observed Lya nebulae simply trace
the sightlines that illuminate these small, dense neutral gas
clouds, and the light travel time to the farthest illuminated gas
cloud should thus accurately reflect the quasar lifetime.

One might still object that, even though the photons travel at
the speed of light through the CGM until they hit a neutral gas
cloud, the time it takes to photoionize this residual neutral gas
could be limiting the speed at which nebulae can grow. To
address this concern, we proceed to demonstrate that the
ionization front travels at or close to the speed of light through
gas under conditions relevant for Lya emission and for
timescales relevant to this work.

We consider a toy model where we assume that the CGM
around the quasar is homogeneous and only composed of
neutral hydrogen gas at a constant number density ny. Note
that this simple model will yield the most pessimistic estimate
on how fast the ionization front progresses through the CGM
due to the increased rate of recombinations in a fully neutral
medium. Following the treatment of relativistic ionized fronts
in P. R. Shapiro et al. (2006; Equations (30)—(36) therein), we
compute the size of the ionized nebula, d¥¢, around a typical
quasar of luminosity L = 10* ergs™" as a function of the
quasar lifetime, téy”, for a range of hydrogen number densities
ny typically considered in relevant literature (e.g., F. Arrigoni
Battaia et al. 2015). We plot the results in Figure 6 as solid
curves at a range of colors (the thick curve highlighting the
typical value ny = 1 cm ) alongside a dashed line depicting
growth at the speed of light.

From Figure 6, we can see that even if the quasar had to
carve out an ionized bubble in this unrealistic fully neutral
CGM model, the growth of this ionized region would still
progress close to the speed of light up until £5¥* ~ 105 yr
from the moment the quasar has turned on. This result implies
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that for all of our measurements in this manuscript, the light
travel time to the edge of the nebula is indeed a good tracer of
the actual quasar lifetime, especially given that the quasar only
needs to photoionize small neutral gas clouds instead of the
whole CGM.

Two further points can be made here. First, note that the
lifetime of téy“' ~ 10° yr also corresponds roughly to the
limit of what we can constrain with our observations, as the
predicted surface brightness profile would fall below the
sensitivity achieved with MUSE for longer lifetimes (see
Figure 4). Second, in the parameter space that is inaccessible
due to the limited spatial resolution of MUSE, the nebula
would grow close to the speed of light for all ny values
considered in our toy model. This means that we can actually
place an upper bound on the lifetimes of quasars whose Ly«
nebulae are not detected in deep MUSE observations as, even
if their growth were limited by the speed of the ionization
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front, their nebulae should be expanding at the speed of light
even in the densest parts of the CGM.

Appendix B
Spectral Regions

In Figures 7 and 8, we display the extracted spectrum for
each quasar in our sample as well as the spectral regions that
have been used to search for foreground sources (in blue), to
extract the PSF (in purple), and, if detected, the region where
extended nebular emission was found (in orange; corresp-
onding to the median nebula as described in Section 3). The
vertical dashed line marks the Lya emission of the quasar
corresponding to the systemic redshift from Table 1. These
figures also show the spectral channels that have been masked
due to having large surface brightness uncertainty, strong sky
line emission, or residual detector artifacts (as described in
Section 3; displayed as faint vertical gray lines).
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Section 3.
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