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ABSTRACT

The recent discovery by Cantalupo et al. (2014) of the largest (∼ 500 kpc) and luminous
(L ≃ 1.43 × 1045 erg s−1) Lyα nebula associated with the quasar UM287 (z = 2.279) poses a great
challenge to our current understanding of the astrophysics of the halos hosting massive z ∼ 2 galaxies.
Either an enormous reservoir of cool gas is required M ≃ 1012 M⊙, exceeding the expected baryonic
mass available, or one must invoke extreme gas clumping factors not present in high-resolution cos-
mological simulations. However, observations of Lyα emission alone cannot distinguish between these
two scenarios. We have obtained the deepest ever spectroscopic integrations in the He II λ1640 and
C IV λ1549 emission lines with the goal of detecting extended line emission, but detect neither line to
a 3σ limiting SB≃ 10−18erg s−1 cm−2 arcsec−2. We construct simple models of the expected emission
spectrum in the highly probable scenario that the nebula is powered by photoionization from the cen-
tral hyper-luminous quasar. The non-detection of HeII implies that the nebular emission arises from
a mass Mc . 6.4×1010 M⊙ of cool gas on ∼ 200 kpc scales, distributed in a population of remarkably
dense (nH & 3 cm−3) and compact (R . 20 pc) clouds, which would clearly be unresolved by current
cosmological simulations. Given the large gas motions suggested by the Lyα line (v ≃ 500 km/s), it
is unclear how these clouds survive without being disrupted by hydrodynamic instabilities. Our work
serves as a benchmark for future deep integrations with current and planned wide-field IFU spec-
trographs such as MUSE, KCWI, and KMOS. Our observations and models suggest that a ≃ 10 hr
exposure would likely detect ∼ 10 rest-frame UV/optical emission lines, opening up the possibility of
conducting detailed photoionization modeling to infer the physical state of gas in the circumgalactic
medium.
Subject headings: galaxies: formation — galaxies: high-redshift — intergalactic medium — circum-

galactic medium

1. INTRODUCTION

In the modern astrophysical lexicon, the intergalactic
medium (IGM) is the diffuse medium tracing the large-
scale structure in the Universe, while the so-called cir-
cumgalactic medium (CGM) is the material on smaller
scales within galactic halos (r . 200 kpc), for which non-
linear processes and the complex interplay between all
mechanisms that lead to galaxy formation take place.

Whether one is studying the IGM or the CGM, for
decades the preferred technique for characterizing such
gas has been the analysis of absorption features along
background sightlines (e.g., Croft et al. 2002; Bergeron
et al. 2004; Hennawi et al. 2006; Hennawi & Prochaska
2007; Prochaska & Hennawi 2009; Rudie et al. 2012; Hen-
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nawi & Prochaska 2013; Farina et al. 2013; Prochaska
et al. 2013a,b; Lee et al. 2014). However, as the ab-
sorption studies are limited by the rarity of suitably
bright background sources near galaxies, and to the one-
dimensional information that they provide, they need
to be complemented by the direct observation of the
medium in emission.

In particular, it has been shown that UV background
radiation could be reprocessed by these media and be
detectable as fluorescent Lyα emission (Hogan & Wey-
mann 1987; Binette et al. 1993; Gould & Weinberg 1996;
Cantalupo et al. 2005). However, current facilities are
still not capable of revealing such low radiation levels,
e.g. an expected surface brightness (SB) of the order of
SBLyα ∼ 10−20 erg s−1 cm−2 arcsec−2 (see e.g. Rauch
et al. 2008). Nonetheless, this signal can be boosted to
observable levels by the intense ionizing flux of a nearby
quasar which, like a flashlight, illuminates the gas in its
surroundings (Rees 1988; Haiman & Rees 2001; Alam &
Miralda-Escudé 2002; Cantalupo et al. 2012), shedding
light on its physical nature.

Detecting this fluorescence signal has been a subject
of significant interest, and several studies which specif-
ically searched for emission from the IGM in the prox-
imity to a quasar (e.g., Fynbo et al. 1999; Francis &
Bland-Hawthorn 2004; Cantalupo et al. 2007; Rauch
et al. 2008; Hennawi & Prochaska 2013) have so far a
not straightforward interpretation. But recently Can-
talupo et al. (2012) identified a population of compact
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Lyα emitters with rest-frame equivalent widths exceed-
ing the maximum value expected from star-formation,

EWLyα
0 > 240Å (e.g., Charlot & Fall 1993), which are

the best candidates to date for fluorescent emission pow-
ered by a proximate quasar.

Besides illuminating nearby clouds in the IGM, a
quasar may irradiate gas in its own host galaxy or CGM.
A number of studies have reported the detection of ex-
tended Lyα emission in the vicinity of z ∼ 2 − 4 quasars
(e.g., Hu & Cowie 1987; Heckman et al. 1991a,b; Chris-
tensen et al. 2006; Hennawi et al. 2009; North et al.
2012), but detailed comparison is hampered by the differ-
ent methodologies of these studies. Although extended
Lyα nebulae on scales of ∼ 100 kpc (up to 250 kpc)
have been observed around high-redshift radio galaxies
(HzRGs; e.g. McCarthy 1993; van Ojik et al. 1997; Reu-
land et al. 2003; Villar-Mart́ın et al. 2003b,a; Reuland
et al. 2007; Miley & De Breuck 2008), these objects have
the additional complication of the interaction between
the powerful radio jets and the ambient medium, com-
plicating the interpretation of the observations. Nebulae
of comparable size and luminosity have similarly been ob-
served in a distinct population of objects known as ‘Lyα
blobs’ (LABs) (e.g., Steidel et al. 2000; Matsuda et al.
2004; Dey et al. 2005; Smith & Jarvis 2007; Geach et al.
2007; Prescott et al. 2009; Yang et al. 2011, 2012, 2014;
Arrigoni Battaia et al. 2014b) which do not show direct
evidence for an AGN. Despite increasing evidence that
the LABs are also frequently associated with obscured
AGN (Geach et al. 2009; Overzier et al. 2013; Prescott
et al. 2015b) (although lacking powerful radio jets), the
mechanism powering their emission remains controver-
sial with at least four proposed which may even act to-
gether: (i) photoionization by a central obscured AGN
(Geach et al. 2009; Overzier et al. 2013), (ii) shock heated
gas by galactic superwinds (Taniguchi et al. 2001), (iii)
cooling radiation from cold-mode accretion (e.g., Fardal
et al. 2001; Yang et al. 2006; Faucher-Giguère et al. 2010;
Rosdahl & Blaizot 2012), and (iv) resonant scattering of
Lyα from star-forming galaxies (Dijkstra & Loeb 2008;
Hayes et al. 2011; Cen & Zheng 2013).

The largest and most luminous Lyα nebula known is
that around the quasar UM287 (i-mag=17.28) at z =
2.279, recently discovered by Cantalupo et al. (2014) in
a narrow-band imaging survey of hyper-luminous quasars
(Arrigoni Battaia et al. 2014a). Its size of 460 kpc and
average Lyα surface brightness of SBLyα = 6.0 × 10−18

erg s−1 cm−2 arcsec−2 (from the 2σ isophote), which cor-
responds to a total luminosity of LLyα = (2.2±0.2)×1044

erg s−1, make it the largest reservoir (Mc ∼ 1012 M⊙) of
cool (T ∼ 104 K) gas ever observed around a QSO. The
emission has been explained as recombination and/or
scattering emission from the central quasar and has been
regarded as the first direct detection of a cosmic web fil-
ament (Cantalupo et al. 2014).

However, as discussed in Cantalupo et al. (2014), Lyα
emission alone does not allow to break the degeneracy
between the clumpiness or density of the gas, and the
total gas mass. Indeed, in the scenario where the nebula
is ionized by the quasar radiation, the total cool gas mass
scales as Mc ∼ 1012C−1/2 M⊙, where C = 〈n2

H〉/〈nH〉2 is
a clumping factor introduced by Cantalupo et al. (2014)
to account for the possibility of higher density gas unre-

solved by the cosmological simulation used to model the
emission. Thus, if one assume C = 1, the implied cool
gas mass in the extended nebula is exceptionally high for
the expected dark matter halo inhabited by a z ∼ 2 − 3
quasar, i.e. MDM = 1012.5 M⊙ (White et al. 2012). This
is further aggravated by the fact that current cosmolog-
ical simulations show that only a small fraction (∼ 15%,
Fumagalli et al. 2014; Faucher-Giguere et al. 2014; Can-
talupo et al. 2014) of the total baryons reside in a phase
(T < 5× 104 K) sufficiently cool to emit in the Lyα line.
A possible solution to this discrepancy would be to as-
sume a very high clumping factor up to C ≃ 1000, which
would then imply a large population of cool, dense clouds
in the CGM and extending into the IGM, which are un-
resolved by current cosmological simulations (Cantalupo
et al. 2014).

Both of these scenarios, whether it be too much cool
gas, or a large population of dense clumps, are reminis-
cent of a similar problem that has emerged from absorp-
tion line studies of the quasar CGM (Hennawi et al. 2006;
Hennawi & Prochaska 2007; Prochaska & Hennawi 2009;
Prochaska et al. 2013a,b, 2014). This work reveals sub-
stantial reservoirs of cool gas & 1010 M⊙, manifest as a
high covering factor ≃ 50% of optically thick absorption,
several times larger than predicted by hydrodynamical
simulations (Fumagalli et al. 2014; Faucher-Giguere et al.
2014). This conflict most likely indicates that current
simulations fail to capture essential aspects of the hy-
drodynamics in massive halos at z ∼ 2 (Prochaska et al.
2013b; Fumagalli et al. 2014), perhaps failing to resolve
the formation of clumpy structure in cool gas, which in
the most extreme cases give rise to giant nebulae like
UM287.

In an effort to better understand the mechanism pow-
ering the emission in UM287, and further constrain
the physical properties of the emitting gas, this paper
presents the result of a sensitive search for emission in
two additional diagnostics, namely He II λ1640Å 7, and
C IV λ1549Å. The detection of either of these high-
ionization emission lines in the extended nebula, would
indicate that the nebula is ‘illuminated’ by an intense
source of hard ionizing photons E & 4Ryd, and would
thus establish that photoionization by the quasar is the
primary mechanism powering the giant Lyα nebula. As
we will show in this work, in a photoionization scenario
where He II emission results from recombinations, the
strength of this line is sensitive to the density of the gas in
the nebula, which can thus break the degeneracy between
gas density and gas mass described above. In addition,
because He II is not a resonant line, a comparison of its
morphology and kinematics to the Lyα line can be used
to test whether Lyα photons are resonantly scattered.
On the other hand, a detection of extended emission in
the C IV line can provide us information on the metal-
licity of the gas in the CGM, and simultaneously con-
strain the size at which the halo is metal-enriched. To
interpret our observational results, we exploit the models
presented by Hennawi & Prochaska (2013) and already
used in the context of extended Lyα nebulae (i.e. LABs)
in Arrigoni Battaia et al. (2014b), and show how a sen-

7 The He II λ1640Å is the first line of the Balmer series emitted
by the Hydrogen-like atom He+, i.e. corresponding to the Hα line.
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sitive search for diffuse emission in Lyα and additional
diagnostic lines can be used to constrain the physical
properties of the quasar CGM.

This paper is organized as follows. In §2, we describe
our deep spectroscopic observations, the data reduction
procedures, and the surface brightness limits of our data.
In §3, we present our constraints on emission in the C IV

and He II lines, and our analysis of the kinematics of the
Lyα line. In §4 we present the photoionization models
for UM287 and in §5 we compare them with our observa-
tional results and with absorption spectroscopic studies
(§5.1 and §5.2). In §6 we discuss which other lines might
be observable with current facilities. In §7 we further
discuss some of the assumptions made in our modeling.
Finally, §8 summarizes our conclusions.

Throughout this paper, we adopt the cosmological pa-
rameters H0 = 70 km s−1 Mpc−1, ΩM = 0.3 and
ΩΛ = 0.7. In this cosmology, 1′′ corresponds to 8.2 phys-
ical kpc at z = 2.279. All magnitudes are in the AB
system (Oke 1974).

2. OBSERVATIONS AND DATA REDUCTION

Two moderate resolution (FWHM∼ 300 km s−1) spec-
tra of the UM287 nebula were obtained using the Low
Resolution Imaging Spectrograph (LRIS; Oke et al. 1995)
on the Keck I telescope on UT 2013 Aug 4, in multi-slit
mode with custom-designed slitmasks. We used the 600
lines mm−1 grism blazed at 4000 Å on the blue side, re-
sulting in wavelength coverage of ≈ 3300−5880 Å, which
allows us to cover the location of the C IV and He II lines.
The dispersion of this grism is ∼ 4 Å per pixel and our
1′′slit give a resolution of FWHM ≃ 300 km s−1. We
observed each mask for a total of ∼ 2 hours in a series of
4 exposures.

Figure 1 shows the position of the two 1′′-slits (red
and blue) on top of the narrow-band image (matching
the Lyα line at the redshift of UM287) presented by
Cantalupo et al. (2014). We remind the reader that
Cantalupo et al. (2014) found a optically faint (V =
21.54 ± 0.06) radio-loud quasar (‘QSO b’) at the same
redshift, and at a projected distant of 24.3 arcsec (∼ 200
kpc) from the bright UM287 quasar (‘QSO a’). The first
slit orientations was chosen to simultaneously cover the
extended Lyα emission and the UM287 quasar (blue slit),
whereas the second (red slit) was chosen to cover the
companion quasar ‘b’ together with the diffuse nebula.
By covering one of the quasars with each slit orienta-
tion we are thus able to cleanly subtract the PSF of the
quasars from our data (see Section §3).

The 2-d spectroscopic data reduction is performed ex-
actly as described in Hennawi & Prochaska (2013) and
we refer the reader to that work for additional details. In
what follows, we briefly summarize the key elements of
the data reduction procedure. All data were reduced us-
ing the LowRedux pipeline8, which is a publicly available
collection of custom codes written in the Interactive Data
Language (IDL) for reducing slit spectroscopy. Individ-
ual exposures are processed using standard techniques,
namely they are overscan and bias subtracted and flat
fielded. Cosmic rays and bad pixels are identified and
masked in multiple steps. Wavelength solutions are de-
termined from low order polynomial fits to arc lamp spec-

8 http://www.ucolick.org/∼xavier/LowRedux

tra, and then a wavelength map is obtained by tracing
the spatial trajectory of arc lines across each slit.

We then perform the sky and PSF subtraction as a
coupled problem, using a novel custom algorithm that we
briefly summarize here (see Hennawi & Prochaska 2013
for additional details). We adopt an iterative procedure,
which allows us to obtain the sky background, the 2-d
spectrum of each object, and the noise, as follows. First,
we identify objects in an initial sky-subtracted image9,
and trace their trajectory across the detector. We then
extract a 1-d spectrum, normalize these sky-subtracted
images by the total extracted flux, and fit a B-spline pro-
file to the normalized spatial light profile of each object
relative to the position of its trace. Given this set of 2-d
basis functions, i.e. the flat sky and the object model
profiles, we then minimize chi-squared for the best set
of spectral B-spline coefficients which are the spectral
amplitudes of each basis component of the 2-d model.
The result of this procedure are then full 2-d models
of the sky-background, all object spectra, and the noise
(σ2). We then use this model sky to update the sky-
subtraction, the individual object profiles are re-fit and
the basis functions updated, and chi-square fitting is re-
peated. We iterate this procedure of object profile fitting
and subsequent chi-squared modeling four times until we
arrived at our final models.

For each slit, each exposure is modeled according to
the above procedure, allowing us to subtract both the
sky and the PSF of the quasars. These images are regis-
tered to a common frame by applying integer pixel shifts
(to avoid correlating errors), and are then combined to
form final 2-d stacked sky-subtracted and sky-and-PSF-
subtracted images. The individual 2-d frames are op-
timally weighted by the (S/N)

2
of their extracted 1-d

spectra. The final result of our data analysis are three
images: 1) an optimally weighted average sky-subtracted
image, 2) an optimally weighted average sky-and-PSF-
subtracted image, and 3) the noise model for these im-
ages σ2. The final noise map is propagated from the indi-
vidual noise model images taking into account weighting
and pixel masking entirely self-consistently.

Finally, we flux calibrate our data following the pro-
cedure in Hennawi & Prochaska (2013). As standard
star spectra were not typically taken immediately be-
fore/after our observations, we apply an archived sen-
sitivity function for the LRIS B600/4000 grism to the
1-d extracted quasar spectrum for each slit, and then in-
tegrate the flux-calibrated spectrum against the SDSS
g-band filter curve. The sensitivity function is then
rescaled to yield the correct SDSS g-band photometry.
Since the faint quasar is not clearly detected in SDSS,
we only used the g-band magnitude of the UM287 quasar
to calculate this correction. Note that this procedure is
effective for point source flux-calibration because it al-
lows us to account for the typical slit-losses that affect a
point source. However, this procedure will tend to un-
derestimate our sensitivity to extended emission, which
is not affected by these slit-losses. Hence, our procedure
is to apply the rescaled sensitivity functions (based on
point source photometry) to our 2-d images, but reduce
them by a geometric slit-loss factor so that we properly

9 By construction, the sky-background has a flat spatial profile
because our slits are flattened by the slit illumination function.
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Figure 1. 10-hours narrow-band image matching the Lyα line at
the redshift of UM287 (adapted from Figure 1 of Cantalupo et al.
2014). ‘QSO a’ is the quasar UM287, while ‘QSO b’ is the faint
companion quasar . The red and blue lines highlight the position
of the 1′′slits chosen to study the extended emission in this work.
Note that a Lyman Alpha Emitter (‘LAE’) and a continuum source
(‘C’) fall within the ‘red’ slit (see Figure 2).

treat extended emission. To compute the slit-losses we
use the measured spatial FWHM to determine the frac-
tion of light going through our 1.0′′ slits, but we do not
model centering errors (see Section §3 for a test of our
calibration, and see Hennawi & Prochaska 2013 for more
details).

Given this flux calibration, the 1σ SB limit of our ob-
servations are SB1σ = 1.3×10−18 erg s−1 cm−2 arcsec−2,
and SB1σ = 1.5 × 10−18 erg s−1 cm−2 arcsec−2 for C IV

and He II, respectively. This limits are obtained by aver-
aging over a 3000 km s−1 velocity interval, i.e. ±1500 km
s−1 on either side of the systemic redshift of the UM287
quasar, i.e. z = 2.279 ± 0.001 (McIntosh et al. 1999),
at the C IV and He II locations, and a 1′′ × 1′′ aper-
ture10. This limits (approximately independent of wave-
length) are about 3× the 1σ limit in 1 arcsec2 quoted
by Cantalupo et al. (2014) for their ∼ 10 hours narrow-
band exposure targeting the Lyα line, i.e. 5 × 10−19

erg s−1 cm−2 arcsec−2 11. Note that we choose this ve-
locity range to enclose all the extended Lyα emission,
even after smoothing (see next Section §3), and because
the narrow-band image of Cantalupo et al. (2014) covers
approximately this width, i.e. ∆v ∼ 2400 km s−1.

Further, it is important to stress here that the line
ratios we use in this work are only from the spectroscopic
data (we do not use the NB data for the Lyα line), and

10 Obviously, if we use a smaller velocity aperture we get a more

sensitive limit, i.e. SBlimit = SB1σ

√

∆vnew

3000 km s−1 , e.g. we ob-

tain SB1σ = 7.3× 10−19 erg s−1 cm−2 arcsec−2 for a 700 km s−1

velocity interval.
11 Note that spatial averaging allow us to achieve more sensitive

limits. If we consider an aperture of 1′′×20′′, we reach SBA=20
1σ =

3.7× 10−19 erg s−1 cm−2 arcsec−2 at the location of the Lyα line.

hence they are independent of any errors in the absolute
calibration. Although we do not use the NB data in our
analysis, we show in the next section that our results
are consistent with the NB imaging, and thus robustly
calibrated.

3. OBSERVATIONAL RESULTS

Following Hennawi & Prochaska (2013), we search for
extended Lyα, C IV, and He II emission by constructing
a χ image

χ2 =

Npix
∑

i

(DATAi − MODELi)
2

σ2
i

(1)

where the sum is taken over all Npix pixels in the image,
‘DATA’ is the image, ‘MODEL’ is a linear combination of
2-d basis functions multiplied by B-spline spectral ampli-
tudes, and σ is a model of the noise in the spectrum, i.e.
σ2 = SKY + OBJECTS + READNOISE. The ‘MODEL’
and the σ2 are obtained during our data reduction pro-
cedure (see Section §2, and Hennawi & Prochaska 2013
for details).

Figures 2 and 3 show the two-dimensional spectra for
the slits in Figure 1 plotted as χ-maps. Note that if our
noise model is an accurate description of the data, the
distribution of pixel values in the χ-maps should be a
Gaussian with unit variance. In these images, emission
will be manifest as residual flux, inconsistent with be-
ing Gaussian distributed noise. The bottom row of each
figure shows the χsky map (only sky subtracted) at the
location of the Lyα, C IV, and He II, respectively. Even
in these unsmoothed data the extended Lyα emission is
clearly visible up to ∼ 200 kpc (∼ 24′′) from ‘QSO b’,
along the ‘red’ slit (Figure 2). This emission has SBLyα =
(6.3 ± 0.4) × 10−18 erg s−1 cm−2 arcsec−2, calculated in
a 1′′×20′′aperture12 and over a 3000 km s−1 velocity in-
terval (blue box in Figure 2). This value is in agreement
with the emission detected in the continuum-subtracted
image presented in Cantalupo et al. (2014) within a
1′′×20′′aperture at the same position within the slit,
i.e. SBLyα = (7.0 ± 0.1) × 10−18 erg s−1 cm−2 arcsec−2.
Along the ’blue’ slit, the extended emission is inevitably
mixed with the PSF of the hyper-luminous UM287 QSO,
making PSF subtraction much more challenging. Never-
theless, we compute the emission in the extended Lyα
line in an aperture of about 1′′×13′′aperture (from 40
to 150 kpc) and within 3000 km s−1, after subtract-
ing the PSF of the quasar (see Figure 3). Again,
we find that surface brightness measured from spec-
troscopy (SBLyα = 1.4 × 10−17 erg s−1 cm−2 arcsec−2),
and from narrow-band imaging (SBLyα = 1.7 × 10−17

erg s−1 cm−2 arcsec−2) agree within the uncertainties13.
The agreement between the Lyα spectroscopic and nar-
row band imaging surface brightnesses for both slit ori-
entations confirm that our spectroscopic calibration pro-
cedure is robust.

We do not detect any extended emission in either the
C IV or in the He II line, for either of the slit orientations.

12 Note that one spatial dimension is set by the width of the slit,
i.e. 1′′.

13 We do not quote errors for these second set of measurements
because there are significant systematics associated with the PSF
subtraction in both imaging and spectroscopic data.
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To better visualize the presence of extended emission, we
first subtract the PSF of the QSOs for each position an-
gle (see middle rows in Figures 2, and 3), and finally, we
show in the upper rows the smoothed χsmth maps. These
smoothed maps are of great assistance in identifying faint
extended emission (see Hennawi & Prochaska 2013 for
more details on the PSF subtraction and the calcula-
tion of the smoothed χ-maps). The lack of compelling
emission features in the PSF-subtracted smoothed maps
confirm the absence of extended C IV and He II at our
sensitivity limits in both slit orientations.

As our goal is to measure line ratios between the Lyα
emission and the C IV and He II lines, we compute
the surface brightness limits within the same aperture in
which we calculated the Lyα emission along the ’red’ slit,
i.e. 1′′×20′′and ∆v = 3000 km s−1. Because the com-
panion quasar is much fainter than the UM287 quasar,
the PSF subtraction along the ‘red’ slit does not suf-
fer from systematics, whereas the large residuals in the
left panel of Figure 3 indicate that there are significant
PSF subtraction systematics for the Lyα emission in the
‘blue’ slit covering the UM287 quasar. We have thus
decided to focus on the line ratios obtained from the
‘red’ slit, although the constraints we obtain from the
‘blue’ slit are comparable. We find SBA=20

1σ,CIV = 3.3 ×
10−19 erg s−1 cm−2 arcsec−2 and SBA=20

1σ,HeII = 3.7×10−19

erg s−1 cm−2 arcsec−2, respectively at the CIV and HeII
locations.

To better understand how well we can recover emission
in the He II and C IV lines in comparison to the Lyα, we
visually estimate the detectability of extended emission
in these lines by inserting fake sources as follows. First,
we select the Lyα emission above its local 1σ limit along
the ‘red’ slit, we smooth it and scale it to be 1, 2, 3, and
5× SBA=20

1σ at the location of the HeII and CIV line. Fi-
nally, we add Poisson realizations of these scaled models
into our 2-d PSF and sky-subtracted images. In Figure 4
we show the χ-maps for this test at the location of HeII.
This test suggests that we should be able to clearly de-
tect extended emission on the same scale as the Lyα line
if the source is & 3× SBA=20

1σ . Thus, in the remainder of
the paper we use 3σ (σ ≡SBA=20

1σ ) upper limits on the
He II/Lyα and C IV/Lyα ratios. Given the values for the
SBLyα and the surface brightness limits at the location
of the CIV and HeII lines (within the 1′′×20′′aperture
and 3000 km s−1 velocity window for the red slit) we get
(He II/Lyα)3σ . 0.18 and (C IV/Lyα)3σ . 0.16. Note
that given the brighter Lyα emission at the location of
the ‘blue’ slit, the limits implied are about 2× lower than
these quoted limits for the ‘red’ slit.

It is important to note that we detect extended C IV

emission around the faint companion quasar ‘b’ (see the
smoothed maps in Figure 2). As this line is physically
distinct from the UM287 nebula and essentially follows
the extended Lyα emission around the faint quasar (com-
pare the smoothed maps for Lyα and C IV), this suggests
that we have detected the extended narrow emission line
region (EELR) of this source. This kind of emission, pro-
duced by the gas excited by an AGN on scales of tens
of kpc, is usually observed around low redshift z < 0.5
type-I (e.g. Stockton et al. 2006; Husemann et al. 2013)
and type-II quasars (e.g. Greene et al. 2011), traced by
[O III] and Balmer lines. We do not quote a value for

the emission because, given the much smaller scales in
play here, its accuracy depends on the PSF-subtraction.
However note that this detection, near the limit of our
sensitivity, clearly demonstrates that we could have de-
tected faint extended emission in the C IV and He II

lines within the Lyα nebula itself if this emission were
characterized by higher line ratios.

Finally, we briefly comment on the nature of two other
sources which fall within the ‘red’ slit, i.e. a Lyman
Alpha emitter (LAE) (i.e. EW rest

Lyα > 20Å) and a contin-

uum source (see Figure 2). Indeed, this slit orientation
was also chosen to confirm the presence of a LAE at
about 350 kpc northward of ‘QSO b’, clearly visible in
the narrow-band image in Figure 2 of Cantalupo et al.
(2014) and in our Figure 1. Our LRIS data confirm the
presence of a line emission from a LAE at a redshift
z = 2.280 ± 0.002, which is consistent with the redshift
of the UM287 quasar, within our uncertainties. We as-
cribe this emission to the Lyα line, and we compute a
flux of FLyα = (9.2 ± 0.9) × 10−18 erg s−1 cm−2 (in
an aperture of ∆v = 1400 km s−1, and 4 arcsec2), in
agreement with FLyα = (8.4±0.4)×10−18 erg s−1 cm−2

computed in an aperture of 4 arcsec2 in the map of Can-
talupo et al. (2014). We also serendipitously obtained a
spectrum of a source at ∼ 230 kpc from quasar ‘b’, which
coincides with a continuum sources in our deep V-band
image (Cantalupo et al. 2014). In our 2-d spectrum, we
detect a faint continuum associated with this source and
an emission line at a wavelength of 5123Å, which ap-
pears at a velocity ∼ 2750 km s−1 from the C IV line
in the right panel of Figure 2. However, given the low
signal-to-noise ratio of the continuum, and the detection
of a single emission line, we are unable to determine the
redshift of this source.

3.1. Kinematics of the Nebula

With these slit spectra for two orientations, we can be-
gin to study the kinematics of the Lyα emission of the
UM287 giant nebula. We first focus on the ‘red’ slit (see
Figure 2), which covers the companion quasar (‘QSO b’)
and the extended Lyα emission at a projected distance of
100−160 kpc (∼ 13′′−19′′) from UM287 (‘QSO a’). We
tested the kinematics of the detected emission by measur-
ing the flux-weighted line centroid and the flux-weighted
velocity dispersion (σ) around the centroid velocity in 2-
pixels wide bins (∼ 0.54′′) across the spatial slit direction.
We then converted the velocity dispersion to a gaussian-
equivalent FWHMgauss assuming FWHMgauss ∼ 2.35σ.
Note that, because of the resonant nature of the Lyα
emission, the line width may be broadened by radiative
transfer effects (e.g., Cantalupo et al. 2005) and repre-
senting, thus, only an upper limit for the thermal or kine-
matical broadening. The extended emission has an aver-
age FWHMgauss ∼ 500 km s−1 at a redshift of z = 2.279,
which is centered on the systemic redshift of the UM287
quasar. Although the emission appears coherent on this
large scales, the gaussian FWHM calculated at each lo-
cation ranges between ∼ 370 km s−1 and ∼ 600 km s−1,
suggesting the need of higher resolution data to better
characterize its width and shape. The line emission is
red-shifted by ∼ 750 km/s from quasar ‘b’. However note
that our estimate for the redshift of quasar ‘b’ z = 2.275
has a large 800 km s−1 error, because it is estimated
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Figure 2. Two-dimensional spectra for the red slit shown in Figure 1, plotted as χ-maps following Hennawi & Prochaska (2013). In all
panels, v = 0 km s−1 indicates the systemic redshift of the UM287 quasar, while the distance is computed from the companion quasar,
i.e. ‘QSO b’. Bottom row: χsky (sky-subtracted only) at the location of Lyα, He II, and C IV. Middle row: χsky+PSF (sky and PSF
subtracted) at the location of Lyα, He II, and C IV. Upper row: smoothed maps χsmth after the PSF subtraction of the companion QSO
(‘QSO b’ in Figure 1). As expected, the extended Lyα emission is well visible in these panels up to 200 kpc from the companion QSO.
Note also that within this slit we have a continuum source (source ‘C’ in Figure 1) at ∼ 230 kpc, and a Lyman Alpha emitter (‘LAE’, also
highlighted in Figure 1) at ∼ 350 kpc (see Section §3 for details). The blue box indicates the aperture used to compute the SBLyα, and

the limits on He II/Lyα and C IV/Lyα line ratios, i.e. 1′′×20′′and ∆v = 3000 km s−1.

from broad rest-frame UV emission lines which are poor
tracers of the systemic frame (Cantalupo et al. 2014).

As for the ‘blue’ slit, statements about kinematics are
limited by the challenge of accurately subtracting the
PSF of the bright UM287 quasar. Given our SB limit, we
detect the Lyα emission out to ∼ 150 kpc. As expected
from the narrow-band imaging, the Lyα is stronger at
this location in comparison with the other slit orienta-
tion. In particular, the emission shows a peak at ∼63
kpc (∼ 7.7′′) in agreement with the narrow-band data
(see Figure 1 or Figure 2 in Cantalupo et al. 2014).
At this second location, the Lyα line appears broader

FWHMgauss ∼ 920 km s−1 and appears to vary more
with distance along the slit. This larger width may arise
from the fact we are probing smaller distances from the
UM287 quasar than in the ‘red’ slit.

Note that, at our spectral resolution (FWHM ∼ 320
km s−1), there is no evidence for “double-peaked” kine-
matics characteristic of resonantly-trapped Lyα (e.g.
Cantalupo et al. 2005) along either slit. This may in-
dicate that resonant scattering of Lyα photons does not
play an important role in the Lyα kinematics, however,
data at a higher resolution are needed to confirm this
conclusion.



Dense Compact Gas Clumps in the CGM of UM287 7

Figure 3. Two-dimensional spectra for the blue slit shown in Figure 1, plotted as χ-maps following Hennawi & Prochaska (2013). In
all panels, v = 0 km s−1 indicates the systemic redshift of the UM287 quasar. The distance is also computed from the UM287 quasar,
i.e. ‘QSO a’. Bottom row: χsky (sky-subtracted only) at the location of Lyα, He II, and C IV. Middle row: χsky+PSF (sky and PSF
subtracted) at the location of Lyα, He II, and C IV. Upper row: smoothed maps χsmth after the PSF subtraction of the UM287 QSO
(‘QSO a’ in Figure 1). As expected, also along this slit we detect extended Lyα emission. Given our sensitivity limits, the Lyα line is
detected up to ∼150 kpc from the UM287 QSO. Note that for such a bright QSO, it is difficult to cleanly subtract its PSF. The blue box
indicates the aperture used to compute the SBLyα as outlined in section §3.

These estimates for the widths of Lyα emission are
comparable to the velocity widths observed in ab-
sorption in the CGM surrounding z ∼ 2 quasars
(∆v ≈ 500 km s−1; Prochaska & Hennawi 2009; Lau
et al. 2015), pheraps suggesting that the kinematics
traced in emission are dominated by the motions of the
gas as opposed to the effects of radiative transfer. Both
the emission and absorption kinematics are comparable
to the virial velocity ∼ 300 km s−1 of the massive dark
matter halos hosting quasars (MDM ∼ 1012.5 M⊙, White
et al. 2012), and thus appear consistent with gravita-
tional motions.

4. MODELING THE LYα, CIV AND HEII EMISSION
AROUND UM287

As shown by Cantalupo et al. (2014), the extended
Lyα emission nebula around UM287 can be explained
by photoionization from the central quasar, imply-
ing a large amount of cool (T ∼ 104 K) gas, i.e.
Mc ≃ 1012 C−1/2 M⊙. To further constrain the prop-
erties of the gas in this huge nebula, in this section we
exploit the simple model for cool clouds in a quasar halo
introduced by Hennawi & Prochaska (2013) and the con-
sequent photoionization modeling procedure introduced
by Arrigoni Battaia et al. (2014b). Our main goal is to
show how our line ratio constraints on C IV/Lyα and
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Figure 4. Illustration of detection significance of scaled models
of the Lyα emission at the location of the HeII line along the ‘red’
slit (Figure 2). The synthetic sources corresponds to 1, 2, 3, and
5× SBA=20

1σ,HeII . The bottom panel shows the χsky (sky-subtracted

only) map, while the upper panel shows the smoothed map. This
figure suggests that we should be able to clearly detect extended
emission & 3σ on the scale of the Lyα line.

He II/Lyα can be used to constrain the physical proper-
ties of the gas in the UM287 nebula, such as the volume
density (nH), column density (NH), and gas metallicity
(Z).

We reiterate that as in our previous work (Cantalupo
et al. 2014), model the Lyα emission alone cannot break
the degeneracy between the clumpiness or density of the
gas, and the total gas mass. In the next sections we show
how information on additional lines (in particular He II)
can constrain the density of the emitting gas and thus
break this degeneracy.

4.1. Photoionization Modeling

In the following, we briefly outline the simple model
for cool halo gas introduced by Hennawi & Prochaska
(2013) for the case of UM287. We assume a simple pic-
ture where UM287 has a spherical halo populated with
spherical clouds of cool gas (T ∼ 104 K) at a single uni-
form hydrogen volume density nH, and uniformly dis-
tributed throughout the halo. We model a scale length
of R = 160 kpc from the central quasar, which approx-
imately corresponds to the distance probed by the ‘red’

slit, and represents the expected virial radius for a dark
matter halo hosting a quasar at this redshift. In this
configuration, the spatial distribution of the gas is com-
pletely specified by nH, R, the hydrogen column density
NH, and the cloud covering factor fC .

Note that the total mass of cool gas in our simple model
can be written as (Hennawi & Prochaska 2013):

Mc =πR2fCNH
mp

X
(2)

= 2.7 × 1010
(

R

160 kpc

)2(
NH

1019.5 cm−2

)(

fC
1.0

)

M⊙

where mp is the mass of the proton and X is the hydrogen
mass fraction.

In this simple model, the Lyα SB is determined by
simple relations which depend only on nH, NH, fC , and
the luminosity of the QSO at the Lyman limit (LνLL

)(see
Hennawi & Prochaska 2013 for details). To build intu-
ition, it is useful to consider two limiting regimes for
the recombination emission, for which the clouds are op-
tically thin (NHI ≪ 1017.2 cm−2) and optically thick
(NHI ≫ 1017.2 cm−2) to the Lyman continuum photons,
where NHI is the neutral column density of a single spher-
ical cloud. We argue below, that given the luminosity of
the UM287 quasar, the optically thick case is however
unrealistic.

- Optically thin to the ionizing radiation:

SBthin
Lyα =

ηthinhνLyα
4π(1 + z)4

αA

(

1 +
Y

2X

)

nHfCNH, (3)

where ηthin = 0.42 is the fraction of recombinations
which result in a Lyα photon in the optically thin
limit (Osterbrock & Ferland 2006), h is the Planck
constant, νLyα is the frequency of the Lyα line,
αA = 4.18× 10−13 cm−3 s−1 is the case A recombi-
nation coefficient at T = 10, 000 K (Osterbrock &
Ferland 2006)14, and X = 0.76 and Y = 0.24 are
the respective hydrogen and helium mass fractions
implied by Big Bang Nucleosynthesis (Boesgaard
& Steigman 1985; Izotov et al. 1999; Iocco et al.
2009; Planck Collaboration et al. 2014).

- Optically thick to the ionizing radiation

SBthick
Lyα =

ηthickhνLyα
4π(1 + z)4

fCΦLL

(

R/
√

3
)

, (4)

where ηthick = 0.66 is the fraction of ionizing pho-
tons converted into Lyα photons, and where ΦLL

([phot s−1 cm−2]) is the ionizing photon number
flux,

ΦLL =

∫ ∞

νLL

Fν

hν
dν =

1

4πr2

∫ ∞

νLL

Lν

hν
dν. (5)

Thus, in the optically thick case the Lyα surface bright-
ness scales with the luminosity of the central source,

14 Note that this equation hides a dependence on temperature
through the recombination coefficient αA, which usually is ne-
glected, but that can be important, i.e αA is decreasing by a factor
of ∼6 from T = 104 K to T = 105 K (CHIANTI database, Dere
et al. 1997; Landi et al. 2013).
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SBthick
Lyα ∝ fCLνLL

, while in the optically thin regime the

SB does not depend on LνLL
, SBthin

Lyα ∝ fCnHNH, pro-
vided the AGN is bright enough to keep the gas in the
halo ionized enough to be optically thin.

We now argue that the Lyα emitting gas is unlikely to
be optically thick NHI & 1017.2 cm−2. Equations 4 and 5
can be combined to express the SB in terms of LνLL

, the
luminosity at the Lyman edge. To compute this lumi-
nosity, we assume that the quasar spectral energy distri-
bution obeys the power-law form Lν = LνLL

(ν/νLL)αUV ,
blueward of νLL and adopt a slope of αUV = −1.7 consis-
tent with the measurements of Lusso et al. (2015). The
quasar ionizing luminosity is then parameterized by LνLL

,
the specific luminosity at the Lyman edge15. We deter-
mine the normalization LνLL

by integrating the Lusso
et al. (2015) composite spectrum against the SDSS filter
curve, and choosing the amplitude to give the correct i-
band magnitude of the UM287 quasar (i-mag= 17.28),
which gives a value of LνLL

= 5.4 × 1031 erg s−1 Hz−1.
Substituting this value of LνLL

for UM287 into equa-
tion 4, we thus obtain

SBthick
Lyα = 8.8 × 10−16

(

1 + z

3.279

)−4(
fC
1.0

)(

R

160 kpc

)−2

(6)

×
(

LνLL

1031.73 erg s−1 Hz−1

)

erg s−1 cm−2 arcsec−2.

This value is over two order of magnitude larger than the
observed SB value of the Lyα emission at 160 kpc from
UM287. Even if we consider a larger radius, R = 250 kpc,
in order to get the observed SBLyα we would need a very
low covering factor, i.e. fC ∼ 0.02. Such a small covering
factor would be strictly at odds with the observed smooth
morphology of the diffuse nebula as seen in Figure 1. We
directly test this assumption as follows. We randomly
populate an area comparable to the extent of the Lyα
nebula with point sources such that fC = 0.1 − 1.0, and
we convolve the images with a Gaussian kernel with a
FWHM equal to our seeing value, in order to mimic the
effect of seeing in the observations. We find that the
smooth morphology observed cannot be reproduced by
images with fC < 0.5, as they appear too clumpy. Thus,
the smooth morphology of the emission in the Lyα nebula
implies a covering factor of fC & 0.5.

In the following sections we construct photoionization
models for a grid of parameters governing the physical
properties of the gas to estimate the expected He II and
C IV emission. Following the discussion here, we shall
see that the models which reproduce the observed Lyα
SB will be optically thin, because given the high covering
factor optically thick models would be too bright.

4.2. The Impact of Resonant Scattering

It is important to stress at this point that the Lyα
photons should be subject to substantial resonant scat-
tering under most of the astrophysical conditions, given
the large optical depth at line center (see e.g. Gould &
Weinberg 1996). Thus, typically, a Lyα photon experi-
ences a large numbers of scattering before escaping the
system in which it is produced. This process thus leads

15 We describe in detail the assumed quasar spectral-energy dis-
tribution (SED) in Section §4.3.

to double-peaked emission line profiles as Lyα photons
must diffuse in velocity space far from the line center to
be able to escape the system (e.g. Neufeld 1990; Gould
& Weinberg 1996; Cantalupo et al. 2005; Dijkstra et al.
2006b; Verhamme et al. 2006). Although our models are
optically thin at the Lyman limit, i.e. to ionizing pho-
tons, for the model parameters required to reproduce the
SB of the emission, they will almost always be optically
thick to the Lyα transition (i.e. NHI & 1014 cm−2).
Hence one should be concerned about the resonant scat-
tering of Lyα photons produced by the central quasar
itself. However, radiative transfer simulations of radi-
ation from the UM287 quasar through a simulated gas
distribution have shown that the scattered Lyα line pho-
tons from the quasar do not contribute significantly to
the Lyα surface brightness of the nebula on large scales,
i.e. & 100 kpc (Cantalupo et al. 2014). This is because
the resonant scattering process results in very efficient
diffusion in velocity space, such that the vast majority of
resonantly scattered photons produced by the quasar it-
self escape the system at very small scales . 10 kpc, and
hence do not propagate at larger distances (e.g. Dijk-
stra et al. 2006b; Verhamme et al. 2006; Cantalupo et al.
2005). For this reason, based on the results of the radia-
tive transfer simulations of Cantalupo et al. (2014), we
do not model the contribution of resonant scattering of
the quasar photons to the Lyα emission. Similar consid-
erations also apply to the resonant C IV line, however we
note that resonant scattering of C IV is expected to be
much less efficient, because the much lower abundance of
metals imply the gas in the nebula is much less likely to
be optically thick to C IV.

To avoid a contribution to the Lyα and C IV emission
from scattering of photons from the QSO we have thus
masked both lines in our assumed input quasar spec-
trum. Note that with this approach we do not neglect
the ‘scattered’ Lyα photons arising from the diffuse con-
tinuum produced by the gas itself, which however turn
out to be insignificant 16.

4.3. Modeling the UM287 Quasar SED

We assume that the spectral energy distribution (SED)
of UM287 has the form shown in Figure 5. As we do not
have complete coverage of the spectrum of this quasar,
we adopt the following assumptions to model the full
SED. Given the ionization energies for the species of in-
terest to us in this work, i.e. 1 Ryd=13.6 eV for Hydro-
gen, 4 Ryd=54.4 eV for He II, and 64.5 eV for C IV, we
have decided to stick to power-law approximations above
1 Ryd. However, note that the UV range of the SED is
so far not well constrained (see Lusso et al. 2015 and
reference therein). In particular, we model the quasar
SED using a composite quasar spectrum which has been
corrected for IGM absorption (Lusso et al. 2015). This
IGM corrected composite is important because it allows
us to relate the i-band magnitude of the UM287 quasar
to the specific luminosity at the Lyman limit LνLL

. For

16 Note that this value depends on the broadening of the line
due to turbulent motions of the clouds. Given current estimates
of typical equivalent widths of optically thick absorbers in quasar
spectra, i.e. ∼ 1Å (Prochaska et al. 2013b), in our calculation we
consider turbulent motions of 30 km s−1. However, note that our
results are not sensitive to this parameter.
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energies greater than one Rydberg, we assume a power
law form Lν = LνLL

(ν/νLL)αUV and adopt a slope of
αUV = −1.7, consistent with the measurements of Lusso
et al. (2015), while in the Appendix we test also the
cases for αEUV = −1.1, and −2.3. We determine the
normalization LνLL

by integrating the Lusso et al. (2015)
composite spectrum against the SDSS filter curve, and
choosing the amplitude to give the correct i-band mag-
nitude of the UM287 quasar (i.e. i=17.28), which gives
a value of  LνLL

= 5.4 × 1031 erg s−1 Hz−1. We extend
this UV power law to an energy of 30 Rydberg, at which
point a slightly different power law is chosen α = −1.65,
such that we obtain the correct value for the specific lu-
minosity at 2 keV Lν(2 keV) implied by measurements
of αOX, defined to be Lν(2 keV)/Lν(2500 Å) ≡ (ν2 keV/
ν
2500 Å

)αOX . We adopt the value αOX = −1.5 measured

by Strateva et al. (2005) for SDSS quasars. An X-ray
slope of αX = −1, which is flat in νfν is adopted in
the interval of 2-100 keV, and above 100 keV, we adopt
a hard X-ray slope of αHX = −2. For the rest-frame op-
tical to mid-IR part of the SED, we splice together the
composite spectra of Lusso et al. (2015), Vanden Berk
et al. (2001), and Richards et al. (2006). These assump-
tions about the SED are essentially the standard ones
used in photoionization modeling of AGN (e.g. Baskin
et al. 2014). Summarizing, given the lack of information,
for energies greater than one Rydberg we parametrized
the SED of the UM287 quasar with a series of power-laws
as

fν ∝















ναEUV , if hν ≥ 1 Ryd

να, if 30 Ryd ≤ hν < 2 keV

ναX , if 2 keV ≤ hν < 100 keV

ναHX , if hν ≥ 100 keV.

(7)

4.4. Input Parameters to Cloudy

Having established our assumptions on the UM287
SED, and on the resonant scattering, we now explain
how we choose the range of our model parameter grid.
We perform our calculations with the Cloudy photoion-
ization code (v10.01), last described by Ferland et al.
(2013). Because the emitting clouds are expected to be
much smaller than their distance r ∼ Rvir = 160 kpc
from the central ionizing source, we assume a standard
plane-parallel geometry for the emitting clouds illumi-
nated by the distant quasar. In order to keep the models
as simple as possible, and because we are primarily in-
terested in understanding how photoionization together
with the observed line ratios can constrain the physi-
cal properties of the gas (i.e. nH and NH), without
resorting to extreme parameter combinations, we pro-
ceed as follows. We focus on reproducing the SBLyα ∼
7×10−18 erg s−1 cm−2 arcsec−2 at 160 kpc distance from
the UM287 quasar, which is basically the distance probed
by the ‘red’ slit17. In particular, eqn. (3) implies that
a certain combination of NH and nH are thus required.
Further, given the dependence on metallicity (Z) of the
C IV and He II lines, and of the gas temperature which
determine the amount of collisional excitation in the Lyα

17 Note that we have decided to model a single distance from
the UM287 quasar. The sensitivity of our results to this simple
assumption is discussed in Section 7.

line, we also consider variations in Z. Thus, we run a uni-
form grid of models with this wide range of parameters:

– nH = 10−2 to 102 cm−3 (steps of 0.2 dex);

– NH = 1018 to 1022 (steps of 0.2 dex);

– Z = 10−3 Z⊙ to Z⊙ (steps 0.2 dex).

Note that by exploring this large parameter range, some
of the models that we consider result in clouds opti-
cally thick at the Lyman limit, but as explained in
the previous Section §4.1, these parameter combina-
tions result in nebulae which are too bright and thus
inconsistent with the observed Lyα surface brightness.
In what follows, we only consider the models which
closely reproduce the observed Lyα surface brightness,
i.e. 5.5 × 10−18 erg s−1 cm−2 arcsec−2 < SBLyα < 8.5 ×
10−18 erg s−1 cm−2 arcsec−2.

Photoionization models are self-similar in the ioniza-
tion parameter U ≡ ΦLL

cnH
, which is the ratio of the num-

ber density of ionizing photons to hydrogen atoms. As
the luminosity of the central QSO is known, the variation
in the ionization parameter U results from the variation
of the volume number density nH for the models in our
grid. The range of ionization parameters that we cover
is comparable to those in previous analysis of photoion-
ization around AGNs, e.g. in the case of the narrow line
regions (NLR; e.g. Groves et al. 2004) and in the case of
extended emission line regions (EELR; e.g. Humphrey
et al. 2008). Finally, we emphasize that once we fix the
source luminosity and define the ionizing spectrum, the
line ratios we consider are described by two model param-
eters, namely the density nH of the gas and its metallicity
Z. We will see this explicitly in the next section.

5. MODELS VS OBSERVATIONS

As we discuss in Section §3, our LRIS observations pro-
vide upper limits on the C IV/Lyα and He II/Lyα ratios,
i.e. (C IV/Lyα)3σ . 0.16 and (He II/Lyα)3σ . 0.18. On
the other hand, each photoionization model in our grid
predicts these line ratios, and Figure 6 shows the trajec-
tory of these models in the He II/Lyα vs C IV/Lyα plane.
The region allowed given our observational constraints on
the line ratios is indicated by the green shaded area. We
remind the reader that we select only the models which
produce the observed Lyα emission of SBLyα ∼ 7×10−18

erg s−1 cm−2 arcsec−2, which to lowest order requires a
combination of NH and nH as shown by eqn. (3). Since
the luminosity of the central source is known, these mod-
els can be thought to be parametrized by either nH or
the ionization parameter U , as shown by the color coding
on the color-bar. In the same plot we show trajectories
for different metallicities Z = 1, 0.1, 0.01, 10−3 Z⊙.

We now reconsider the covering factor. We argued in
§4.1 that based on the morphology of the nebula, the
covering factor need to be fC & 0.5, and that optically
thick gas clouds would tend to overproduce the Lyα SB
for such high covering factors. Our models provide a
confirmation of this behavior. For a covering factor of
fC = 1.0 a large number of models are available, whereas
if we lower the covering factor to fC = 0.3, we find that
only two models in our extensive model grid can satisfy
the Lyα SB of the nebula. This results because as we
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Figure 5. Spectral energy distribution (SED) of UM287 used as incident radiation field in our modeling. The black solid line indicate our
fiducial input spectrum characterized by a slope in the EUV of αEUV = −1.7 (Lusso et al. 2015). The right panel is a zoomed version of
the box highlighted in the left panel. Note the agreement between the composite spectrum used as input in our calculation and the SDSS
spectrum of UM287 (green solid line). To prevent a contribution from resonantly scattered photons, we mask the emission from the line
center of Lyα and C IV.

decrease fC, assuming the gas is optically thin, eqn. (3)
indicates we must correspondingly increase the product
NHnH by 1/fC in order to match the observed Lyα SB.
However, note that the neutral fraction also scales with
this product xHI ∝ NHnH such that for low enough val-
ues of fC increasing NHnH would result in self-shielding
clouds that are optically thick. We already argued in §4.1
that if the clouds are optically thick the covering factor
must be much lower fC ≃ 0.02, which is ruled out by the
diffuse morphology of the nebula. Hence our constraint
on the covering factor fC & 0.5 can also be motivated by
the simple fact that gas distributions with lower cover-
ing factors would over-produce the Lyα SB. Henceforth,
for simplicity, we assume a covering factor of fC = 1.0
throughout this work, but in §7 we test the sensitivity of
our results to this assumption.

The gray symbols in Figure 6 also show a compila-
tion of measurements of the He II/Lyα and C IV/Lyα
line ratios from the literature for other giant Lyα neb-
ulae from the compilation in Arrigoni Battaia et al.
(2014b). Specifically, we show measurements or upper
limits for the two line ratios for seven Lyα blobs (Dey
et al. 2005; Prescott et al. 2009, 2013; Arrigoni Bat-
taia et al. 2014b)18, and Lyα nebulae associated with
53 high redshift radio galaxies (Humphrey et al. 2006;
Villar-Mart́ın et al. 2007). Note that we show measure-
ments from the literature in Figure 6 for reference, but
these measurements cannot be directly compared to our
observations or our models for several reasons. First, the
emission arising from the narrow line region of the cen-
tral obscured AGN is typically included for the HzRGs,

18 From the sample of Arrigoni Battaia et al. (2014b). We decide
to plot only the upper limits of LAB1 and LAB2, which set the
tighter constraints for that sample.

contaminating the line ratios for the nebulae. In addi-
tion, the central source UV luminosities are unknown for
both LABs and HzRGs, and thus they cannot be directly
compared to our models, which assume a central source
luminosity. See Arrigoni Battaia et al. 2014b and ref-
erences therein for a discussion on this dataset and its
caveats.

The trajectory of our optically thin models through the
He II/Lyα and C IV/Lyα diagram can be understood as
follows. We first focus on the curve for Z = Z⊙ and fol-
low it from low to high U (i.e. from high to low volume
density nH). First consider the trend of the He II/Lyα
ratio. He II is a recombination line and thus, once the
density is fixed, its emission depends basically on the
fraction of Helium that is doubly ionized. For this rea-
son, the He II/Lyα ratio is increasing from logU ∼ −3
and ‘saturates’, reaching a peak at a value of ∼ 0.34
which is set by atomic physics and in particular by the
ratio of the recombination coefficients of Lyα and He II.
Indeed, if we neglect the contribution of collisional ex-
citation to the Lyα line emission, which is a reasonable
assumption near solar metallicity, then both the He II

and Lyα are produced primarily by recombination and
the recombination emissivity can be written as

jline = f elem
V

hνline
4π

nenionα
eff
line(T ), (8)

where nion is the volume density of He++ and H+ for
the case of HeII and Lyα, respectively. Here αeff

line(T ) is
the temperature dependent recombination coefficient for
HeII or Lyα, and the factor f elem

V = 3fCNelem/(4Rnelem)
takes into account that the emitting clouds fill only a
fraction of the volume (see Hennawi & Prochaska 2013).
Thus, once the Helium is completely doubly ionized, i.e.
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Figure 6. HeII/Lyα versus CIV/Lyα log-log plot. Our upper
limits on the HeII/Lyα and CIV/Lyα ratios are compared with
the Cloudy photoionization models that reproduce the observed
SBLyα ∼ 7 × 10−18 erg s−1 cm−2 arcsec−2. For clarity, we plot
only the models with Z = 0.001, 0.01, 0.1, and 1Z⊙. The models
are color coded following the ionization parameter U , and thus
the volume density nH (see color bar on the right). The green
shaded area represents the region defined by the upper limits of
the UM287 nebula. Note that these upper limits favor models
with nH & 3 cm−3, NH . 1020 cm−2, and logU . −1.5. This is
even more clear in Figure 7.

np ∼ nH and nHe++ ∼ (Y/2X)nH, the ratio between the
two lines is given by the relation

jHeII

jLyα
= 0.34

(

αeff
HeII(20, 000K)

1.15 × 10−12 cm3 s−1

)

(9)

×
(

αeff
Lyα(20, 000K)

2.51 × 10−13 cm3 s−1

)−1

,

Note that eqn. (9) depends slightly on temperature, with
a decrease of the ratio at higher temperatures. Be-
fore reaching this maximum line ratio, He II/Lyα is
lower because Helium is not completely ionized, and is
roughly given by HeII/Lyα ∼ xHe++ × (jHeII/jLyα)max,
where xHe++ is the fraction of doubly ionized Helium.
As stated above, this simple argument does not take into
account collisional excitation of Lyα. In particular, at
lower metallicities when metal line coolants are lacking,
the temperature of the nebula is increased, and collision-
ally excited Lyα, which is extremely sensitive to tem-
perature, becomes an important coolant, boosting the
Lyα emission over the pure recombination value. Thus
metallicity variations result in a change of the level of
the asymptotic HeII/Lya ratio as seen in Figure 6.

Our photoionization models indicate that the C IV

emission line is an important coolant and is powered pri-
marily by collisional excitation. The efficiency of C IV

as a coolant depends on the amount of Carbon in the
C+3 ionic state. For this reason, the C IV/Lyα ratio is
increasing from logU ∼ −3, reaches a peak due to a max-
imum in the C+3 fraction, and lowers again at higher U
where Carbon is excited to yet higher ionization states,
e.g. C V. For example, for the Z = 0.1 Z⊙ models,

the C IV/Lyα ratio peaks at log U = −1.4 and then
decreases at higher U . Given that C IV is a coolant,
the strength of its emission depends on the metallicity of
the gas. Indeed, for metallicities lower than solar, C IV

becomes a sub-dominant coolant with respect to colli-
sionally excited Lyα (and for very low metallicity, e.g.
Z = 10−3Z⊙, also to He Lyα), and its emission becomes
metallicity dependent as can be seen in Figure 6.

At lower metallicities the Lyα line becomes an impor-
tant coolant. For the Z = 0.001Z⊙ grid, the collisional
contribution to Lyα has an average value of ∼ 40%,
while it decreases to ∼ 37%, ∼ 25%, ∼ 1% for the
Z = 0.01, 0.1, 1Z⊙ cases, respectively. Given that the
strength of the collisionally excited Lyα emission in-
creases with density along each model trajectory, this
slightly dilutes the aforementioned trends in the He II

and C IV line emission. Specifically, the density depen-
dence of collisionally excited Lyα emission moves the line
ratios to lower values for logU & −1.5, which would
otherwise asymptote at the expected He II/Lyα ratio
in eqn. (9). Thus the effect of collisionally excited Lyα
emission tend to mask the ‘saturation’ of the He II/Lyα
ratio due to recombination effects alone, and results in a
continuous increase of He II/Lyα with U .

Overall, Figure 6 illustrates that our simple photoion-
ization models can accommodate the constraints implied
by our observed upper limits on the He II/Lyα and
C IV/Lyα ratios of UM287. In particular, our non-
detections are satisfied (green shaded region) for models
with high volume densities nH and low metallicities Z.
These constraints can be more easily visualized in Fig-
ure 7, where we show the allowed regions in the nH-Z
plane implied by our limits on the He II/Lyα (panel ‘a’)
and C IV/Lyα ratios (panel ‘b’). Specifically, in these
panels the solid black line indicate the upper limits in
the case of the UM287 nebula, i.e. He II/Lyα < 0.18
(or log(He II/Lyα)< −0.74), and C IV/Lyα = 0.16 (or
log(C IV/Lyα)< −0.79), while the arrows indicate the
region of the parameter space that is allowed. It is ev-
ident that our limits on the extended emission in the
He II/Lyα ratio give us stronger constraints than those
from the C IV/Lyα ratio. The He II/Lyα ratio provides
a constraint on the volume density which is metallicity
dependent, however even if we assume a log10 Z ≃ −2−3,
which are the lowest possible values comparable to the
background metallicity of the IGM (e.g. Schaye et al.
2003), we obtain a conservative lower limit on the vol-
ume density of nH & 3 cm−3.

Given this constraint on nH, and the fact that we know
the Lyα emission level, which in turns approximately
scales as nHNH (see eqn. (3)), we can use our lower limit
on nH to place an upper limit on NH or equivalently on
the total cool gas mass because it scales as fC NH once
the radius is fixed (see eqn. (2)). Panel ‘c’ of Figure 7
shows that our limit on the He II/Lyα ratio combined
with the total SBLyα implies the emitting clouds have
column densities NH . 1020 cm−2. Thus, if we assume
that the physical properties of the slab modeled at 160
kpc are representative of the whole nebula, we can com-
pute a rough estimate for the total cool gas mass. With
this strong assumption, that nH & 3 cm−3 is valid over
the entire area of the nebula, i.e. 911 arcsec2 (from the
2σ isophote of the Lyα map; Cantalupo et al. 2014), we
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Figure 7. Constraints on the physical parameters of the gas clouds from our photoionization models that reproduce the observed
SBLyα ∼ 7× 10−18 erg s−1 cm−2 arcsec−2 in the case of an input spectrum with αEUV = −1.7. Given the known luminosity of the central
source, the assumed SED, and the fixed SBLyα, our models can be thought to be parametrized by only two parameters, namely nH and
Z. Panel ‘a’: map of the He II/Lyα ratio in the nH-Z plane. The black solid line indicate our 3σ upper limit He II/Lyα < 0.18 (i.e.
log(He II/Lyα)< −0.74). Panel ‘b’: map of the C IV/Lyα ratio in the nH-Z plane. The black solid line indicate our 3σ upper limit
C IV/Lyα < 0.16 (i.e. log(He II/Lyα)< −0.79). Note that the constraints from the He II/Lyα ratio are stronger. Panel ‘c’: map of the
He II/Lyα ratio in the NH-Z plane. The black solid line indicate our 3σ upper limit. Models with NH . 1020 cm−2 are selected. Panel
‘d’: map of the He II/Lyα ratio in the R-Z plane. The black solid line indicate our 3σ upper limit. Note that really small cloud sizes are
favored, i.e. R . 20 pc.
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then deduce that NH . 1020 cm−2 over this same area,
and hence the total cool gas mass is Mc . 6.4 × 1010 M⊙.

Further, by combining the lower limit on volume den-
sity nH and upper limit on column density NH, we can
also obtain an upper limit on the sizes of the emitting
clouds defined as R ≡ NH/nH. Panel ‘d’ in Figure 7
shows that this upper limit is constrained to be R . 20
pc. Assuming a unit covering factor fC = 1.0, this con-
straint on cloud sizes implies & 53, 500 clouds per square
arcsec on the sky, and each cloud should have a cool
gas mass Mc . 1.3 × 103 M⊙. Assuming these clouds
have the same properties throughout the whole nebula,
we find that & 4.9 × 107 clouds are needed to cover the
extent of the Lyα emission (∼ 911 arcsec2)19.

The foregoing discussion indicates that we are able
to break the degeneracy between the volume density of
the gas nH and the total cool gas mass presented in
Cantalupo et al. (2014). As a reminder, this degener-
acy arises because the Lyα surface brightness scales as
SBLyα ∝ nHNH, whereas the total cool gas mass is given
by Mc ∝ NH. Thus observations of the Lyα alone can-
not independently determine the cool gas mass. Can-
talupo et al. (2014) modeled the Lyα emission in the
UM287 nebula in a way that differs from our simple
model of cool clouds in the quasar CGM. Specifically,
they used the gas distribution in a massive dark matter
halo M = 1012.5 M⊙ meant to represent the quasar host,
and carried out ionizing and Lyα radiative transfer sim-
ulations under the assumption the gas is highly ionized
by a quasar with the same luminosity as UM287, and
the extended Lyα emission is dominated by recombina-
tions, similarly to our simpler Cloudy models20. Under
these assumptions, they are not able to reproduce the ob-
served Lyα surface brightness of the nebula. This arises
because only ∼ 15% of the total gas in the simulated
halo is cool enough to emit Lyα recombination radiation
(T < 5×104 K), because the vast majority of the baryons
in the halo have been shock-heated to the virial temper-
ature of the halo, i.e. T ∼ 107 K. Even if they assume all
of the gas in the simulated halo can produce the Lyα line
(Mgas ≈ 1011.3 M⊙ for the dark matter halo; Cantalupo
et al. 2014), the surface brightness of the resulting neb-
ula is still too faint. As a result, Cantalupo et al. (2014)
postulated that the emission in the simulated halo must
be boosted by a clumping factor C = 〈n2

H〉/〈nH〉2, which
represents the impact of clumps of cool gas which are
not resolved by the simulation. They then determined
the scaling relation between the simulated Lyα emission
and the column density of the simulated gas distribution,

i.e. NH ∝ SBLyα
1/2 C−1/2 21 (Cantalupo et al. 2014),

as expected for recombination radiation. Note that ac-

19 We quote a lower limit on the number of clouds per arcsec2

because we calculate this value without taking into account the
possible overlap of clouds along the line of sight, and also because
we use the maximum radius allowed by our constraints. In other
words, we simply estimate the number of clouds with radius R = 20
pc needed to cover the area of a square arcsec on the sky at the
systemic redshift of the UM287 quasar.

20 Although note that our Cloudy models treat collisionally ex-
ited Lyα emission properly, whereas this effect cannot be properly
modeled via the method in Cantalupo et al. (2014).

21 In Cantalupo et al. 2014 this relation is quoted as NHII ∝
SBLyα

1/2 C−1/2, but NH ∼ NHII in this simulated case where the
gas is highly ionized.

cordingly, SBLyα
1/2 ∝ NH C1/2 ∝ Mc C

1/2 and one sees
that this is identical to the scaling implied by eqn. (3),
SBLyα ∝ NHnH, if one identifies nH with C1/2〈nH〉. Our
simple cloud model adopts a single density for all the
clouds nH, whereas in the clumping picture, there could
be a range of densities present, but the emission is dom-
inated by gas with nH ≃ C1/2 〈nH〉. In this context,
Cantalupo et al. (2014) inferred that if C = 1, the high
observed SBLyα, implies very high column densities up
to NH ≈ 1022 cm−2 corresponding to cool gas masses
Mc = 1012 M⊙, in excess of the baryon budget of the
simulation. More generally, in the presence of clumping
this constraint becomes Mc = 1012 C−1/2 M⊙.

By introducing the constraint on the volume density
nH & 3 cm−3 using the He II/Lyα ratio, our work (i)
breaks the degeneracy between density nH (or equiva-
lently C) and total column density NH (or equivalently
Mc), (ii) allows us to then constrain the total cool gas
mass Mc . 6.4 × 1010 M⊙ without making any assump-
tions about the quasar host halo mass, and (iii) de-
mands the existence of a population of extremely com-
pact (R . 20 pc) dense clouds in the CGM/IGM. The
ISM-like densities and extremely small sizes of these
clouds clearly indicate that they would be unresolved by
current cosmological hydrodynamical simulations, given
their resolution on galactic scales (Fumagalli et al. 2014;
Faucher-Giguere et al. 2014; Crighton et al. 2015; Nelson
et al. 2015). Indeed, our measurements would imply a
clumping factor C & 200 for the simulation of Cantalupo
et al. (2014), in agreement with the value they required
in order to reproduce the observed Lyα from their simu-
lated halo.

5.1. Constraints from Absorption Lines

A source lying in the background of the UM287 neb-
ula that pierces the gas at an impact parameter of ≃ 160
kpc may also exhibit absorption from high-ion UV tran-
sitions like C IV and N V, which can be constrained
from absorption spectroscopy. In Figure 8 we show a
map for the column density of the C IV and N V ionic
states (NCIV, NNV) for our model grid that reproduces
the observed SBLyα ∼ 7 × 10−18 erg s−1 cm−2 arcsec−2.
Given our non-detection of He II emission, our upper
limits on the He II/Lyα ratios (indicated by the black
solid line in both panels), imply NCIV . 1013.8 cm−2 and
NNV . 1013.0 cm−2, respectively. The quasar UM287 re-
sides at the center of the nebula, and our narrow band
image indicates it is surrounded by Lyα emitting gas. It
is thus natural to assume that the UM287 quasar pierces
the nebular gas over a range of radial distances22. Thus
a non-detection of absorption in these transitions places
further constraints on the physical state of the absorbing
gas in the nebula.

To this end, we examined the high signal-to-noise
S/N ≃ 70 pix−1 SDSS spectrum of the UM287 quasar,
which has a resolution of R ≃ 2000. We find no evidence
for any metal-line absorption within a ∼ 2000 km s−1

window of the quasar systemic redshift coincident with
the velocity of the Lyα emitting nebula (see Figure 2-

22 This would not be the case if the emitting gas is all behind the
quasar. Given that the quasar shines towards us and contemporary
on the gas, this configuration seems unlikely.
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Figure 8. Top Panel: Map of the C IV column density NCIV in
the nH-Z plane built from our photoionization models that repro-
duce the observed SBLyα ∼ 7×10−18 erg s−1 cm−2 arcsec−2 in the
case of an input spectrum with αEUV = −1.7. The black solid line
indicate our 3σ upper limit in the He II/Lyα ratio, while the gray
dashed line indicate our limit of NCIV < 1013.2 cm−2 implied by
the absence of absorption at the resolution of the SDSS spectrum of
UM287. Bottom Panel: Map of the N V column density NNV in
the nH-Z plane built from our photoionization models that repro-
duce the observed SBLyα ∼ 7×10−18 erg s−1 cm−2 arcsec−2 in the
case of an input spectrum with αEUV = −1.7. The black solid line
indicate our 3σ upper limit in the He II/Lyα ratio, while the gray
dashed line indicate our limit of NNV < 1013.4 cm−2 implied by
the absence of absorption at the resolution of the SDSS spectrum
of UM287. The spectroscopic constraints for both species imply
that the gas along the sightline, if present, is in a similar state
as the observed nebula, being illuminated by the bright quasar as
well.

3), implying NCIV < 1013.2 cm−2 (EWCIV < 15 mÅ),
and NNV < 1013.4 cm−2. These limits constrain the
amount of gas in these ionic states intercepted by the
quasar at all distances, but in particular at ≃ 160 kpc,
where we conducted our detailed modeling of the emis-
sion. As such, directly analogous to our constraints from
the emission line ratios, we can similarly determine the
constraints in the nH-Z plane from the non-detections of
C IV and N V absorption, which are shown as the gray
dashed lines in Figure 8. As expected these metal absorp-
tion constraints depend sensitively on the enrichment of
the gas, but the region of the nH-Z plane required by
our non-detections are consistent with that required by
our He II/Lyα emission constraint. Specifically, for log
Z > −2.3, the absence of absorption provides a compa-
rable lower-limit on the density as the non-detection of
emission, whereas at lower metallicities the absorption
constraint allows lower volume densities nH > 0.1 cm−3

(Figure 8), which are already ruled out by He II/Lyα.
To conclude, in the context of our simple model, both
high-ion metal-line absorption and He II and C IV emis-
sion paint a consistent picture of the physical state of the
gas.

For completeness, we also searched for metal-line ab-
sorption along the companion quasar ‘QSO b’ sight-
line in our Keck/LRIS spectrum (resolution R ≃ 1000
and S/N ≃ 60 pix−1). We do detect strong, satu-
rated C IV absorption with NCIV > 1014.4 cm−2 and
z = 2.2601. This implies, however, a velocity offset of
≈ −1700 km s−1 with respect to the systemic redshift
of the UM287 quasar, and thus from the extended Lyα
emission detected in the slit spectrum of Figure 2. Given
this large kinematic displacement from the nebular Lyα
emission, we argue that this absorption is probably not
associated with the UM287 nebulae, and is likely to be
a narrow-associated absorption line system associated
with the companion quasar. This is further supported
by the strong detection of the rarely observed N V dou-
blet. The large negative velocity offset −1370 km s−1

between the absorption and our best estimate for the
redshift of QSOb z = 2.275 (from the Si IV emission
line) suggests that this is outflowing gas, but given the
large error ∼ 800km s−1 on the latter, and the unknown
distance of this absorbing gas along the line-of-sight, we
do not speculate further on its nature.

Finally, note that at the time of writing, there is no
existing echelle spectrum of UM287 available, although
given that this quasar is hyper-luminous r ≃ 17, a high
signal-to-noise ratio high resolution spectrum could be
obtained in a modest integration. Such a spectrum would
allow us to obtain much more sensitive constraints on the
high-ion states C IV and N V, corresponding to NCIV <
1012 cm−2 and NNV < 1012.5 cm−2, respectively, and
additionally search for O VI absorption down to NOVI <
1013 cm−2. If for example C IV were still not detected at
these low column densities, this would raise our current
constraint on nH by 0.5 dex to nH & 10 cm−3 as shown
in Figure 8. Furthermore, the detection of metal-line
absorption (at a velocity consistent with the nebular Lyα
emission) would determine the metallicity of the gas in
the nebula, and Figure 8 suggests we would be sensitive
down to metallicities as low as Z ≃ −3, i.e. as low as the
background metallicity of the IGM (e.g. Schaye et al.
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2003).

5.2. Comparison to Absorption Line Studies

It is interesting to compare the high volume densi-
ties (nH > 3 cm−3) implied by our analysis to inde-
pendent absorption line measurements of gas densities
in the CGM of typical quasars. For example Prochaska
& Hennawi (2009) used the strength of the absorption in
the collisionally excited C II

∗ fine-structure line to ob-
tain an estimate of nH ≃ 1 cm−3 at an impact parameter
of R⊥ = 108 kpc from a foreground quasar, comparable
to our lower limit obtained from the He II/Lyα ratio.
However, photoionization modeling of a large sample of
absorbers in the quasar CGM seem to indicate that the
typical gas densities are much lower nH ∼ 0.01 ≪ 1 cm−3

(Lau et al. 2015), although with large uncertainties due
to the unknown radiation field. If the typical quasar
CGM has much lower values of nH ∼ 0.01 ≪ 1 cm−3 and
column densities of NH ∼ 1020 cm−2 (Lau et al. 2015),
this would explain why quasars only rarely exhibit bright
Lyα nebulae as in UM287. Indeed, eqn. (3) would then
imply SBLyα = 5.4 × 10−20 erg s−1 cm−2 arcsec−2 in the
optically thin regime, which is far below the sensitivity
of any previous searches for extended emission around
quasars (e.g. Hu & Cowie 1987; Heckman et al. 1991b;
Christensen et al. 2006), although these low SB levels
may be reachable via stacking (Steidel et al. 2011; Ar-
rigoni Battaia et al. 2015). In this interpretation, quasars
exhibiting bright SB ∼ 10−17 erg s−1 cm−2 arcsec−2 giant
Lyα nebulae represent the high end tail of the volume
density distribution in the quasar CGM, a conclusion
supported by the analysis of another giant nebula with
properties comparable to UM287 (Hennawi et al. 2015)
discovered in the Quasars Probing Quasars survey (Hen-
nawi & Prochaska 2013). In this system joint modeling
of the Lyα nebulae and absorption lines in a background
sightline piercing the nebular gas indicate that cool gas
is distributed in clouds with R ∼ 40 pc, with densities
nH ≃ 2 cm−3, very similar to our findings for UM287.

Absorption line studies of gas around normal galaxies
also provides evidence for small-scale structure in their
circumgalactic media. Specifically, Crighton et al. (2015)
conducted detailed photoionization modeling of absorb-
ing gas in the CGM of a Lyα emitter at z ≃ 2.5, and
deduced very small cloud sizes < 100− 500 pc, although
with much lower gas densities (nH ≃ 10−3 − 10−2 cm3)
than we find around UM287. In addition, there are mul-
tiple examples of absorption line systems at z ∼ 2 − 3
in the literature for which small sizes R ∼ 10 − 100 pc
have been deduced (Rauch et al. 1999; Simcoe et al.
2006; Schaye et al. 2007), although the absorbers may
be larger at z ∼ 0.2 (Werk et al. 2014). Also, compact
structures with r ∼ 50 pc have been directly resolved
in high-velocity clouds in the CGM of the Milky Way
(Ben Bekhti et al. 2009). Given their expected sizes and
masses, such small structures are currently unresolved
in simulations (see discussion in § 5.3 of Crighton et al.
2015).

6. MODEL SPECTRA VS CURRENT OBSERVATIONAL
LIMITS

In order to assess the feasibility of detecting other
emission lines besides Lyα from the UM287 nebula, and
other similar extended Lyα nebulae, e.g. around other

quasars, HzRGS, or LABs, we construct model spec-
tra using the output continuum and line emission data
from Cloudy. In Figure 9 we show the predicted me-
dian spectrum for the nebula at 160 kpc from UM287,
resulting from our modeling. Specifically, the solid black
curve represents the median of all the models in our
parameter grid which simultaneously satisfy the con-
ditions 5.5 × 10−18 erg s−1 cm−2 arcsec−2 < SBLyα <
8.5 × 10−18 erg s−1 cm−2 arcsec−2, such that they pro-
duce the right Lyα emission level, as well as the emission
line constraints He II/Lyα < 0.18 and C IV/Lyα < 0.16
implied by our spectroscopic limits. Following our discus-
sion in the Appendix, this grid also includes models with
a harder (softer) αEUV = −1.1 (αEUV = −2.3) quasar
ionizing continuum, in addition to our fiducial value of
αEUV = −1.7. The gray shaded area indicates the max-
imum and the minimum possible values for the selected
models at each wavelength.

For comparison we show our Keck/LRIS 3σ sensitivity
limits from §2 calculated by averaging over a 1 arcsec2

aperture and over a 3000 km s−1 velocity interval (solid
red line), together with the 3σ sensitivity limits for 10
hours of integration with the Multi Unit Spectroscopic
Explorer (MUSE) (Bacon et al. 2010; solid blue line), and
with the K-band Multi Object Spectrograph (KMOS)
(Sharples et al. 2006; gold, orange, and dark-red solid
lines), on the VLT, computed for the same spatial and
spectral aperture. Note that these sensitivity limits can
be lowered by assuming a certain amount of spatial aver-
aging, following the relation SBlimit = SB1σ/

√
A, where

A is the area in arcsec2 over which the data are averaged.
Indeed, we employed this approach in §3, and averaged
over an area of 20 arcsec2 to obtain a more sensitive con-
straint on the He II/Lyα and C IV/Lyα line ratios, and
this lower SB level is indicated by the red dashed line in
Figure 9. In contrast with a longslit, integral-field units
like MUSE and KMOS, as well as the upcoming Keck
Cosmic Web Imager (KCWI, Morrissey et al. 2012), pro-
vide near continuous spatial sampling over wide areas,
and are thus the ideal instruments for trying to detect
extended line emission from the CGM. Thus for MUSE
and KMOS, we have assumed that we can average over
an area as large as 300 arcsec2, as shown by the colored
dashed lines, and indeed this approach has already been
used with the Cosmic Web Imager (Martin et al. 2014a)
to study lower SB Lyα emission (Martin et al. 2014b).

Given these expected sensitivities, in Figure 9 we indi-
cate the principal emission lines that may be detectable
(vertical green dashed lines), whose observation would
provide additional constraints on the properties of the
emitting gas. The large range of metallicities in our grid
Z = 10−3Z⊙ to Z⊙, results in a correspondingly large
range of metal emission line strengths, whereas the Hy-
drogen Balmer lines and He II are much less sensitive to
metallicity and thus show very little variation across our
model grid.

Focusing first on the primordial elements, we see that
He II is the strongest line, and in particular it is stronger
than Hα. Indeed, if the Helium is completely doubly
ionized then He II/Hα ∼ 3, and although it decreases
to lower values for lower ionization parameters (higher
densities), it always remains higher than unity. As we
have argued in §5, a detection of He II can be used to
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Figure 9. Predicted median spectra for the models in our grid that satisfy simultaneously SBLyα ∼ 7 × 10−18 erg s−1 cm−2 arcsec−2,
He II/Lyα < 0.18, and C IV/Lyα < 0.16. The gray shaded area indicates the maximum and the minimum possible value for the selected
models at each wavelength, showing the range of all the possible values, including the variation of the EUV slope, i.e. αEUV = −2.3,−1.7,
and −1.1 (see Appendix). Our Keck/LRIS 3σ sensitivity limit calculated in 1 arcsec2 and over 3000 km s−1, is plotted as a solid red line,
together with the 3σ sensitivity of MUSE and KMOS (YJ, H, K gratings) for an exposure time of 10 hours (other colored solid lines). The
red dashed line indicates our 3σ sensitivity limit average over an aperture of 20 arcsec2 (see §3), while all the other dashed lines show the

sensitivity averaged over an aperture of 300 arcsec2, i.e. SBlimit = SB1σ/
√
A. The principal emission lines are indicated by the green

vertical dashed lines. The lines that may be detectable in the future, given appropriate physical conditions (i.e. nH , Z) in the targeted
nebula are He II, [C III], C IV, [Si III], [O II], [O III], Hβ, and Hα.

measure the volume density nH of the emitting gas. Fur-
ther, by comparing the morphology, size, and kinematics
of the non-resonant extended He II emission to that of
Lyα, one can test whether resonant scattering of Lyα
plays an important role in the structure of the nebula
(Prescott et al. 2015a). Naively, one might have thought
that Hα would be ideal for this purpose given that it
is the strongest Hydrogen recombination line after Lyα.
However, our models indicate that for photoionization by
a hard source, the He II line is always stronger than Hα,
and given that He II is in the optical whereas Hα is in
the near-IR, it is also much easier to detect.

Figure 9 shows that deep integrations in the near-
IR with KMOS will consistently detect the Hydrogen
Balmer lines Hα and Hβ. When compared to the Lyα
emission, these lines would allows one to determine the
extinction due to dust (Osterbrock & Ferland 2006). Fur-
ther, at the low densities we consider (nH ≪ 104 cm−3),
any departure of the ratios Hα/Hβ and Lyα/Hβ from
their case B values provide information on the impor-
tance of collisional excitation of Lyα, which is exponen-
tially sensitive to the gas temperature (Ferland & Oster-
brock 1985). In other words, the amount of collisional
excitation is set by the equilibrium temperature of the
gas, which is set by the balance of heating and cooling.
Photoionization by a hard source will result in a char-
acteristic temperature and hence ratio of Lyα/Hβ set
by the ionizing continuum slope, whereas an additional
source of heat, as has been postulated in gravitational
cooling radiation scenarios for Lyα nebulae (e.g. Ros-
dahl & Blaizot 2012), would increase the amount of col-
lisionally excited Lyα and hence the ratio of Lyα/Hβ.

Figure 9 shows also that one could probably detect
metal emission lines depending on the physical condi-
tions in the gas, which are parameterized by nH and Z.
In particular, if the gas has metallicity Z > 0.1Z⊙, a
deep integration with MUSE would detect C IV, [C III],
and, for metallicity close to solar, also [Si III] λ1883. In
the near-IR, we see that a deep integration with KMOS
would detect [O III] for Z > 0.1Z⊙, and [O II] for metal-
licity close to solar. Note that for similar bright nebulae
at different redshifts, it would be possible to detect other
lines in extended emission for particular nH and Z com-
binations, e.g. Si IV λ1394, and [N IV] λ1480.

According to Figure 9, a good observational strategy
is thus to look for the He II line, which appears to be
the strongest and easiest line to detect, and our analy-
sis in §5 indicates that its detection constrains the gas
properties to lie on a line in the nH-Z plane (see panel
‘a’ in Figure 7). Following our discussion of C IV (panel
‘b’ of Figure 7), the detection of any metal line would
define another line in the nH-Z plane, and the intersec-
tion of these curves would determine the nH and Z of
the gas. These conclusions will be somewhat sensitive to
the assumed spectral slope in the UV (see Appendix),
but given the different ionization thresholds to ionized
Carbon to C IV (47.9eV), and Oxygen to O III (35.1eV)
or O II (13.6eV), it is clear that detections or limits on
multiple metal lines from high and low ionization states
would also constrain the slope αEUV of the ionizing con-
tinuum.

To summarize, our photoionization modeling and anal-
ysis provide a compelling motivation to find more bright
nebulae by surveying large samples of quasars and
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HzRGs, and conducting NB emission line surveys of
LABs over large areas. Armed with the brightest and
largest giant nebulae like UM287, one can conduct deep
observations with IFUs, and combined with suitable spa-
tial averaging, this will uncover a rich emission line spec-
trum from the CGM and its interface with the IGM,
which can be used to constrain the physical properties of
the emitting gas, and shed light on physical mechanism
powering giant nebulae.

7. CAVEATS

In section §5, under the assumption of photoioniza-
tion by the central QSO, and in the context of a simple
model for the gas distribution, we showed how our up-
per limits on the He II/Lyα and C IV/Lyα ratios, can
set constraints on the physical properties of the cool gas
observed in emission. However, this simple modeling is
just a zeroth-order approximation to a more complicated
problem which is beyond the scope of the present work.
In what follows we highlight some issues which should be
examined further.

Radial Dependence: for simplicity we have evaluated
the ionizing flux at a single radial location for input into
Cloudy. We have tested the impact of this assumption,
by decreasing R from 160 kpc to 100 kpc, and find that
our lower limit on the density increases by 0.4 dex. This
results from the fact that the He II/Lyα ratio varies with
ionization parameter U , and our upper limit on the line
ratio sets a particular value of U . By decreasing R, the
density nH corresponding to this specific value of U thus
increases by a factor R2. The variation of the ionizing
flux with radius, should be taken into account in a more
detailed calculation.

Slope of the Ionizing Continuum: we have assumed
αEUV = −1.7 (Lusso et al. 2015). However, estimates
for αEUV in the literature vary widely (Zheng et al. 1997;
Scott et al. 2004; Shull et al. 2012), most likely because
of uncertainties introduced when correcting for absorp-
tion due to the IGM or because of the heterogeneity of
the samples considered. Furthermore, the shape of the
ionizing continuum near the He II edge of 4 Rydberg is
not well constrained. For detailed analysis on the sen-
sitivity of our results to the ionizing continuum slope,
see the Appendix, where we consider two different ion-
izing slopes, i.e. αEUV = −1.1 and −2.3. We find that
a harder ionizing slope αEUV = −1.1 moves our lower
limit on the density from nH & 3 cm−3 to nH & 1 cm−3.
Thus, the uncertainty on the ionizing slope has an order
unity impact on our constraints of the volume density.
As discussed at the end of §6, the detection of additional
metal lines with a range of ionization thresholds would
further constrain αEUV.

Covering Factor: Based on the morphology of the
emission we argued fC & 0.5, but assumed the value of
fC = 1.0 for simplicity. The fC drops out of the line ra-
tios (see eqn. (3) and (8)), however our model depends on
fC , since we were selecting only models able to reproduce
the observed Lyα SB, which varies linearly with covering
factor. We estimate that lowering the covering factor to
fC = 0.4, only change our lower limit on the density at
the 15% level. As discussed in section §5, lowering fC
results in a reduction of the number of models which are
able to reproduce the observed Lyα SB, because models

with high nHNH valuse become optically thick, and thus
over-estimate the Lyα emission. In particular, there are
no models which reproduce the observed Lyα SB for low
covering factors (fC < 0.3). Thus our conclusions are
largely insensitive to the covering factor we assumed.

Geometry: we have assumed the emitting clouds are
spatially uniformly distributed throughout a spherical
halo. This simple representation would need geomet-
ric corrections to take into account more complicated
gas distributions, such as variation of the covering factor
with radius or filamentary structures. However, these
corrections should be of order unity, and are thus likely
sub-dominant compared to other effects.

Single Uniform Cloud Population: our simple model
assumes a single population of clouds which all have
the same constant physical parameters NH, nH, and Z,
following a uniform spatial distribution throughout the
halo. In reality one expects a distribution of cloud prop-
erties, and a radial dependence. Indeed, Binette et al.
(1996) argued that a single population of clouds is not
able to simultaneously explain both the high and low
ionization lines in the extended emission line regions of
HzRGs, and instead invoked a mixed population of com-
pletely ionized clouds and partially ionized clouds. While
for the case of extended emission line regions (EELRs)
around quasars, which are on smaller scale R < 50 kpc
than studied here, detailed photoionization modeling of
spectroscopic data has demonstrated that at least two
density phases are likely required: a diffuse abundant
cloud population with nH ∼ 1 cm−3, and much rarer
dense clouds with nH ∼ 500 cm−3 (Stockton et al. 2002;
Fu & Stockton 2007; Hennawi et al. 2009). Further, these
clouds may be in pressure equilibrium with the ioniz-
ing radiation (Dopita et al. 2002, Stern et al. 2014), as
has been invoked in modeling the narrow-line regions of
AGN. Future detailed modeling of multiple emission lines
from giant nebulae, analogous to previous work on the
smaller scale of EELRs (Stockton et al. 2002; Fu & Stock-
ton 2007), might provide information on multiple density
phases.

In order to properly address the aforementioned issues,
the ideal approach would be to conduct a full radiative
transfer calculation on a three dimensional gas distribu-
tion, possibly taken from a cosmological hydrodynamical
simulation. Cantalupo et al. (2014) carried out exactly
this kind of calculation treating both ionizing and res-
onant radiative transfer, however this analysis was re-
stricted only to the Lyα line. Full radiative transfer cou-
pled to detailed photoionization modeling as executed
by Cloudy would clearly be too computationally chal-
lenging. However it would be interesting to introduce
the solutions of 1-D Cloudy slab models into a realistic
gas distribution drawn from a cosmological simulation.
This would be relatively straightforward for the case of
optically thin nebulae (e.g. van de Voort & Schaye 2013).

8. SUMMARY AND CONCLUSIONS

To study the kinematics of the extended Lyα line and
to search for extended He II λ1640 and C IV λ1549 emis-
sion, we obtained deep spectroscopy of the UM287 neb-
ula (Cantalupo et al. 2014) with the Keck/LRIS spec-
trograph. Our spectrum of the nebula provides evi-
dence for large motions suggested by the Lyα line of
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FWHMgauss ∼ 500 km s−1 which are spatially coher-
ent on scales of ∼150 kpc. There is no evidence for a
“double-peaked” line along either of the slits, as might
be expected in a scenario where resonant scattering de-
termines the Lyα kinematic structure.

Although our observations achieve an unprecedented
sensitivity in the He II and C IV line (SB3σ ≃
10−18 erg s−1 cm−2 arcsec−2, average over 1′′ × 20′′and
∆v = 3000 km s−1) for giant Lyα nebulae, we do not
detect extended emission in either line for both of our slit
orientations. We constrain the He II/Lyα and C IV/Lyα
ratios to be < 0.18 (3σ), and < 0.16 (3σ), respectively.

To interpret these non-detections, we constructed mod-
els of the emission line ratios, assuming photoionization
by the central quasar and a simple spatial distribution of
cool gas in the quasar halo. We find that:

• if the gas clouds emitting Lyα are optically thick
to ionizing radiation, then the nebula would be
∼120× brighter than observed, unless we assume
an unrealistically low covering factor, i.e. fC .
0.02, which is in conflict with the smooth mor-
phology of the nebula. Thus we conclude that the
covering factor of cool gas clouds in the nebula is
high fC & 0.5, and that the gas in the nebula is
highly ionized, resulting in gas clouds optically thin
(NHI < 17.2) to ionizing radiation.

• The He II line is a recombination line and thus,
once the density is fixed, its emission depends pri-
marily on the fraction of Helium that is doubly ion-
ized. On the other hand, the C IV emission line is
an important coolant and is powered primarily by
collisional excitation, and thus its emission depends
on the amount of Carbon in the C+3 ionic state.
As we know the ionizing luminosity of the central
quasar, and the Lyα SB of the nebula, constraints
on the He II/Lyα and C IV/Lyα ratios determine
where the gas lives in the nH − Z diagram.

• Photoionization from the central quasar is consis-
tent with the Lyα emission and the He II and C IV

upper limits, provided that the gas distribution sat-
isfies the following constraints:

a) nH & 3 cm−3,

b) NH . 1020 cm−2,

c) R . 20 pc.

If these properties hold through the entire nebula,
it then follows that the total cool gas (T ∼ 104 K)
mass is Mc . 6.4 × 1010 M⊙.

Because the Lyα surface brightness scales as SBLyα ∝
nHNH, whereas the total cool gas mass as Mc ∝ NH,
observations of Lyα emission cannot independently de-
termine the cool gas mass and nH (or the gas clumping
factor C), which limited the previous modeling by Can-
talupo et al. (2014). Our non-detection of He II/Lyα
combined with photoionization modeling allows us to
break this degeneracy, and independently constrain both
nH and Mc.

Our results point to the presence of a population of
compact (R . 20 pc) cool gas clouds in the CGM at ISM-
like densities of nH & 3 cm−3 moving through the quasar

halo at velocities ≃ 500 km s−1. It is well known that
even by z ∼ 2, the gas in the massive M ∼ 1012.5 M⊙

halos hosting quasars is expected to be dominated by
a hot shock-heated plasma at the virial temperature
T ∼ 107 K. Cool clouds moving rapidly through a hot
plasma will be disrupted by hydrodynamic instabilities
on the cloud-crushing timescale (e.g. Jones et al. 1994;
Schaye et al. 2007; Agertz et al. 2007; Crighton et al.
2015; Scannapieco & Brüggen 2015)

tcc≈ 1.3 Myr

(

R

20 pc

)

( v

500 km s−1

)−1

×
(

ncl/nhalo

1000

)1/2

, (10)

where we assume that the Lyα line trace the kinemat-
ics of the cool clouds, and that the cloud-halo density
contrast is of the order of 1000 (nhalo ∼ 10−3 cm−3).
If there is hot plasma present in the halo, these clouds
are thus very short lived, and can only be transported
∼ 0.7 kpc before being disrupted. These very short dis-
ruption timescales thus require a mechanism that makes
the clumps resistant to hydrodynamic instabilities, such
as confinement by magnetic fields (e.g. McClure-Griffiths
et al. 2010; McCourt et al. 2015), otherwise the popula-
tion of cool dense clouds must be constantly replenished.
In the latter scenario, the short lived clouds might be
formed in situ, via cooling and fragmentation instabili-
ties. If the hot plasma pressure confines the clouds, this
might compresses them to high enough densities (Fall &
Rees 1985; Maller & Bullock 2004; Mo & Miralda-Escude
1996) to explain our results. Emission line nebulae from
cool dense gas has also been observed at the centers of
present-day cooling flow clusters (Heckman et al. 1989;
McDonald et al. 2010), albeit on much smaller scales
. 50 kpc. The giant Lyα nebula in UM287 might be a
manifestation of the same phenomenon, but with much
larger sizes and luminosities, reflecting different physical
conditions at high-redshift. Detailed study of the hydro-
dynamics of cool dense gas clouds, with properties con-
sistent with our constraints, moving through hot plasma
are clearly required (Scannapieco & Brüggen 2015).

As we showed in §6, deep observations (∼ 10 hr) of
UM287 and other giant nebulae with the new integral
field units such as MUSE (Bacon et al. 2010), KCWI
(Morrissey et al. 2012), and KMOS (Sharples et al. 2006),
combined with spatial averaging, will be able to detect
extended emission from other lines besides Lyα (see Fig-
ure 9). In particular, the strongest line will be He II

which should be routinely detectable, and following our
analysis, will enable measurements of the volume den-
sity nH of the gas. Specifically, a 10 hour MUSE inte-
gration would correspond to a sensitivity in He II/Lyα of
∼0.01 (3σ in 300 arcsec2 ), which would allow us to probe
gas densities as high as nH = 1000 cm−3. Although we
have argued that the UM287 is powered by photoioniza-
tion, which is compelling given the presence of a hyper-
luminous quasar, a non-detection of He II in a 10hr
MUSE integration would imply such extreme gas den-
sities in the CGM, i.e. nH > 1000 cm−3, that one might
need to reconsider other potential physical mechanisms
for powering the Lyα nebula which do not produce He II,
such as cold-accretion (e.g., Haiman et al. 2000; Furlan-
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etto et al. 2005; Dijkstra et al. 2006a; Faucher-Giguère
et al. 2010; Rosdahl & Blaizot 2012), star-formation (e.g.,
Cen & Zheng 2013), or superwinds (e.g., Taniguchi &
Shioya 2000; Taniguchi et al. 2001; Wilman et al. 2005).
Furthermore, comparison of the morphology and kine-
matics of the nebula in He II and Lyα can be used to
test whether resonant scattering of Lyα photons is im-
portant. Although Hα could also be used to test the
impact of resonant scattering, it is always fainter than
He II and redshifted into the near-IR, where a detection
of extended emission is much more challenging.

In a photoionization scenario, a 10 hr observation of
UM287 or a comparable nebula with MUSE (or KCWI)
and KMOS would result in a rich emission line spectrum
of the CGM, which, depending on the properties of the
gas (i.e. nH and Z), could yield detections of Lyα, [N IV],
Si IV, [Ne IV], C IV, [C III], [Si III], [O III], [O II], Hβ,
and Hα. This would enable modeling of the CGM at a
comparable level of detail as models of H II regions and
the narrow and broad-line regions of AGN, resulting in
comparably detailed constraints on the physical proper-
ties of the gas.

Current estimates suggest that ∼ 10 − 20% of quasars
exhibit bright giant nebulae (Hennawi et al. 2015) like
UM287, and our results provide a compelling motivation
to expand current samples by surveying large numbers of
quasars with instruments like MUSE and KCWI. At the
same time, this same survey data would enable one to
compute a stacked composite CGM spectrum of quasars
which do not exhibit bright nebulae, constraining the gas
properties around typical quasars.
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APPENDIX

EFFECTS OF A VARIATION OF THE EUV SLOPE OF THE INPUT SPECTRUM

We test the robustness of our results to the change of the slope of the EUV as mentioned in Section §4.3. In particular,
we model the extremes of the range allowed by the recent estimates of Lusso et al. (2015), i.e. αEUV = −1.7± 0.6. To
fulfill the αOX requirement of Strateva et al. (2005) as explained in Section §4.3, the value αEUV = −2.3 and -1.1 imply
at higher energies (30 Ryd < hν < 2keV) a slope α = −0.36 and -2.93, respectively. In our fiducial input spectrum
(αEUV = −1.7), the photoionization rate at the Lyman limit is

Γ =
1

4πr2

∫ ∞

νLL

Lν

hν
σνdν = 6.7 × 10−9 s−1, (A1)

while at 4 Ryd, i.e. at the ionization energy of He II, the photoionization rate is Γ4Ryd ∼ 1.0×10−11 s−1. By changing
the slope in the extreme ultraviolet from αEUV = −1.7, to -1.1 and to -2.3, we increase the photoionization rate by
∼15% and decrease it by ∼13%, respectively. Instead, for the same change, the Γ4Ryd is increased/decreased by a
factor of 2.6, respectively. As it is clear from the small changes in Γ, the Hydrogen ionization state is not affected by
the change in slope, and the models are always optically thin. Conversely, as expected, the changes in Γ4Ryd affect
He II and C IV. The general trend is that a softer slope, e.g. αEUV = −2.3, produces fewer He II ionizing photons,
and thus at fixed density the He III fraction will be lower, resulting in lower He II recombination emission. This thus
leads to a lower He II/Lyα ratio. Similarly, a softer slope is less effective in ionizing Carbon. In particular, at fixed
ionization parameter U , the amount of Carbon in the C+3 phase is lower for a softer slope.

In Figure 10 we compare our grids of models with different EUV slopes at two different metallicities, i.e. Z = Z⊙,
and 0.01Z⊙, in the He II/Lyα versus C IV/Lyα plot. The dependencies outlined above, are better visible in the plot
for solar metallicity (upper panel) because the Lyα line is mainly produced by recombinations and its behavior is not
influencing the general trends. From the figure, it is clear that a grid with a softer slope (see grid with αEUV = −2.3)
can reach lower He II/Lyα ratios because the fraction of doubly ionized Helium is lower at high densities. In the same
upper panel of Figure 10 it is also evident that the simulation grids for different UV slopes all asymptote to a fixed
He II/Lyα ratio when Helium is completely doubly ionized, which occurs at slightly different nH (or equivalently U)
for each slope. Note that the value of the asymptotic He II/Lyα ratio varies slightly with slope. Indeed, as mentioned
in section §5, since this asymptotic value is proportional to the ratio of the recombination coefficients of He II and
Lyα, the value depends on temperature (eqn. (9)). Higher temperatures, which arise for a harder slope, lead to a lower
asymptotic He II/Lyα ratio.

In the bottom panel of Figure 10, we show the same comparison at Z = 0.01Z⊙. In this case the trends are masked
by the Lyα line, which is powered also by collisions. Indeed, the saturation in the He II/Lyα ratio is not appreciable
because, given the dependence on density of the collisional contribution to the Lyα line, the ratio is progressively
lowered at higher density. However, it is still appreciable that the C IV/Lyα ratio is moved to lower ratios for higher
slopes above logU ∼ −1.5. This is mainly due to the fact that Carbon goes to higher ionization state, lowering the
fraction of Carbon in the C+3 species. Thus, in our case study, where the input spectrum is not well known, the
dependence of the amount of C+3 on the slope of the EUV makes the C IV line a weak metallicity indicator.

Changes in the slope αEUV only slightly modifies the constraints on nH that we previously obtained. In particular,
since the He II/Lyα ratio gives the stronger constraints, in Figure 11 we show how a variation in the EUV slope affects
the selection of nH (compare Figure 10 and 11). This Figure highlights in green the parameter space favored by our
upper limits (the lines show the location of the upper limit He II/Lyα = 0.18). The mild change in the location of the
line is explained by the dependencies outlined above. At a fixed low metallicity, where the Lyα line is an important
coolant, i.e. logZ < −1.5Z⊙, a harder slope moves the lower limit boundary implied by our measurement on the
He II/Lyα ratio to lower densities. Indeed, the expected increase of the He II line due to a harder slope is washed out
by the increase in the emission in the Lyα line due to collisions. Thus, our constraint on the density that we quote in
the main text is weakened from nH & 3 cm−3 to nH & 1 cm−3. On the other hand, at higher metallicities, a harder
UV slope will doubly ionize Helium at higher density, moving the lower limit boundary implied by our measurement
to higher densities. For example, at solar metallicity, the limit is moved to & 100 cm−3 from & 40 cm−3.

Thus, in conclusion, our ignorance on the slope of the EUV has a small effect on our density constraints and makes
the C IV line a weak metallicity indicator. However, as discussed at the end of §6, the detection of multiple metal lines
with a range of ionization energies would indirectly constrain αEUV, and simultaneously constrain the metallicity of
the gas.
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Figure 10. HeII/Lyα versus CIV/Lyα log-log plot. Our upper limits on the HeII/Lyα and CIV/Lyα ratios are compared with the Cloudy
photoionization models that reproduce the observed SBLyα ∼ 7× 10−18 erg s−1 cm−2 arcsec−2. Upper panel: comparison of the model
grids for different EUV slopes (αEUV = −1.1,−1.7,−2.3) at Z = Z⊙. A harder αEUV completely doubly ionize Helium at higher density.
Bottom panel: same as the upper panel, but at Z = 0.01Z⊙. In this case, the Lyα line is also powered by collisions, reshaping the
trajectories (see text for explanation on the trends in this Figure). In both panels, the models are color coded following the ionization
parameter U , or equivalently the volume density nH (see color bar on the right). The green shaded area represents the region defined by
the upper limits of the UM287 nebula. See Figure 11 for a better visualization of the constraints on the physical parameters.
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Figure 11. Schematic representation on how a variation in αEUV affects the constraints in nH and Z. The green area highlights the
region of the parameter space selected by the upper limit He II/Lyα < 0.18 (see panel ‘a’ of Figure 7). The solid, dashed, and dotted lines
show the location of this upper limit for αEUV = −1.7,−1.1 , and −2.3, respectively. It is evident that a change in the ionizing slope do
not affect our main conclusions. Namely, if the nebula is photoionized by the UM287 quasar, there should be a population of dense cool
gas clumps with very small sizes (.tens of pc).
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