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A giant protogalactic disk linked to the cosmic web
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The specifics of how galaxies form from, and are fuelled by, gas
from the intergalactic medium remain uncertain. Hydrodynamic
simulations suggest that ‘cold accretion flows’—relatively cool
(temperatures of the order of 10* kelvin), unshocked gas streaming
along filaments of the cosmic web into dark-matter halos'~*—are
important. These flows are thought to deposit gas and angular
momentum into the circumgalactic medium, creating disk- or
ring-like structures that eventually coalesce into galaxies that form
at filamentary intersections*’. Recently, a large and luminous fila-
ment, consistent with such a cold accretion flow, was discovered
near the quasi-stellar object QSO UM287 at redshift 2.279 using
narrow-band imaging®. Unfortunately, imaging is not sufficient to
constrain the physical characteristics of the filament, to determine
its kinematics, to explain how it is linked to nearby sources, or to
account for its unusual brightness, more than a factor of ten above
what is expected for a filament. Here we report a two-dimensional
spectroscopic investigation of the emitting structure. We find that
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Figure 1 | Spectral image and pseudo-slit spectrum of the QSO UM287
field. a, Spectral image of the pseudo-slit (gridded region) in b, displayed in
velocity with respect to the systemic velocity and arcseconds (Af) with respect
to the reference (QSO source A, which is QSO UM287) position (z =2.279).
Flux density I is measured in kilo line units per A, where 1 kLU A71=1,000
photoncm > 371 st ' or .18 X 10" ergem ™2 s~ arcsec” > The signal-to-

the brightest emission region is an extended rotating hydrogen
disk with a velocity profile that is characteristic of gas in a dark-
matter halo with a mass of 10'* solar masses. This giant protoga-
lactic disk appears to be connected to a quiescent filament that may
extend beyond the virial radius of the halo. The geometry is
strongly suggestive of a cold accretion flow.

We observed the UM287 filament with the Palomar Cosmic Web
Imager (PCWI)’, an integral field spectrograph that is designed for low
surface brightness measurements using a 40" X 60" reflective image
slicer with twenty-four 40" X 2.5" slices. For these observations, the
spectrograph covered a range of 3,940-4,110 A with slit-width-limited
resolution A2 = 2.5 A around the redshifted Lyman-o (Lya) line. The
methodology and details of our observations and data analysis are
discussed in the Methods and described extensively elsewhere®’.
Data reduction of the PCWI observations resulted in an adaptively
smoothed data cube (consisting of the co-added sum of all the expo-
sures) of dimensions right ascension, declination, and wavelength
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noise ratio exceeds 7.0. Sources near QSO A are plotted. b, Narrow-band image
generated from the PCWI data cube by summing the flux density I over the band
3,970-4,000 A showing the QSO UM287 (source A), the nearby, fainter QSO
(source B), and the bright filament of Lyo emission extending from UM287.
Emission sources C and D are also shown. The data cube is summed over 7.5
arcsec perpendicular to each position along the pseudo-slit to form the imagein a.
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(RA, dec., 4). The bright extended filament is clearly detected in the data
(Fig. 1): it is fainter far from QSO UM287 and shows a relatively narrow
line (velocity) width (Fig. 1). Channel cuts through the smoothed data
cube (Extended Data Figs 2, 4, 5) illustrate a disk morphology, and
demonstrate that neither the QSO subtraction nor the presence of a
nearby line and continuum object (source C) are responsible for the
disk emission that is closest to QSO UM287 (see Methods). To reveal the
spatial structure of the emission, we generated a new narrow-band
window that follows the velocity-shear structure (Fig. 2).

The narrow-band and spectral images reveal an extended gaseous
disk that is offset from, and illuminated by, the nearby quasi-stellar
object QSO UM287 (which we call source A). The disk has a diameter
of approximately 125 proper kiloparsecs (pkpc), with a central deficit
with a diameter of about 25 pkpc. It is inclined by approximately 70° to
the plane of the sky. The 2D velocity profile is well fitted by a rotating
disk in a Navarro-Frenk-White (NFW) dark-matter halo with mass
log,,Mp = 13.170%, where M, is the mass of the halo in solar masses
(Mg), halo concentration c= ng (unitless), circular velocity
(the maximum rotation velocity of the disk, at the virial radius) v, =
500kms~ ", and virial radius Ry, = 225 pkpc. Using a pseudo-slit
(Fig. 2), we extracted a 1D velocity profile (Fig. 3), which is also
well fitted by the same model, with consistent inferred mass
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Figure 2 | Spectral image and narrow-band image created from a sheared-
velocity window. a, Spectral image created with pseudo-slit (gridded region
in b) and full-field subtraction. vy is the systemic velocity of the system.

b, Narrow-band image formed using sheared, Av = 500km s~ window (bold
white lines in a). The image and spectrum are consistent with a large (15 arcsec
or 125 pkpc), tilted (position angle of 15°), inclined (70°) disk with
v.~450km s~ and a central deficit (at gird position (station) 26 arcsec, that is,
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log,,Mj, =13.1703 and halo concentration c=577. Both fits include
the effects of slit averaging, and the instrument and seeing point spread
functions (PSFs) that are measured using QSO A. The velocity profile
flattens at the lower end (in detector coordinates), but continues to
move blueward slowly at the upper end beyond the disk. The upper
end of the disk smoothly transitions into a filament of emission that
has a moderate velocity shear of about 100-150 km's ™" over a length of
at least 125 pkpc. An extended disk of gas provides a natural explana-
tion for the unusual brightness of the QSO UM287 nebula, which
when modelled as a cosmic web filament® of typical column density
required very high clumping factors. The clear disk-like morphology
and kinematics of the nebula provide evidence that the Lya spectral
line is probing in situ kinematics'®'".

We model the illumination of the disk by QSO source A and use
simple arguments to constrain the geometry (Fig. 4). We assume that
this QSO emits symmetrically into two coaxial cones, each with a solid
angle of msr, with the rear cone illuminating the disk, and the front
cone including our line of sight. We estimate that under these condi-
tions the QSO can irradiate the disk and filament if the disk is more
than 65 pkpc behind the QSO.

We used the ‘Cloudy’ nebular emission code'” to model the disk and
constrain the gas column density. We find that the gas is optically thin
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the grid location along slit). The blueshifted end of the disk transitions to an
extended filament. ¢, Mean velocity in the sheared-velocity (kinematic) window
(trimmed to show velocities only where emission exceeds 20% of the maximum
value). d, e, Zooms of b and ¢, respectively. f, 2D velocity model that is
compared with c. Panel d has the same colour scale as b and panels e and

f have the same colour scale as c. g, z* map of the 2D model fit residuals; full-
scale 7> = 5.
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Figure 3 | Physical properties of the extended disk. a, Mean velocity
(symbols) along the pseudo-slit (Fig. 2) with respect to the disk central velocity
vo, with vertical lines showing an approximately 150 pkpc extent of the disk
(dotted black lines), and virial radius (red dashed line). The extent of the
filament profile is 80 pkpc <R < 250 pkpc, where R is the radial coordinate of
the disk. The NFW profile fits with and without PSF convolution are plotted in
red and blue, respectively. Error bars are *=1¢. b, Inferred hydrogen column
densities Ny assuming t4 = 3 pkpc. Error bars are £1¢ and do not include
the uncertainty due to disk thickness. ¢, The cumulative baryonic mass M;,
(dots) and dark-matter mass My (red line) within a sphere of radius R. d, Ratio
of baryonic mass inside R to dark-matter mass (symbols) and the canonical
ratio of baryonic to dark-matter mass of 0.17 (horizontal dotted line).
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in the Lyman continuum, and that the column density is a strong
function of disk thickness and flux only, as previously shown'*'.
The brightness of the fluorescent Lyo emission suggests that the
dust-to-gas ratio in the disk is low (implying low metallicity), because
a substantial reduction in output flux at a hydrogen column density
N =~ 10°' cm ™2 occurs at dust-to-gas ratios greater than 107°-10 2
times the standard Milky Way ratio'.

Because the inferred gas mass is proportional to the square root of
the disk thickness t4, we require an estimate of ¢,. For a self-gravitating
gas disk supported by thermal or turbulent pressure, the thickness is

related to the gas temperature and column density: tq=
0.35 (10TTdK) (ﬁ)f pkpc. For all the models in our parameter grid,

the disk temperature Ty = 3 X 10* K, which implies a disk thickness of
at least 1 pkpc and a plausible disk gas density ny =~ 0.5¢; *** cm >,
Simulations that produce extended disks* suggest a thickness that is less
than 10 pkpc. Such a disk would have three times the column density of
the 1-pkpc case and require turbulent velocity support to maintain the

10-pkpc thickness of ¢, ~60kms™" (for a pressure-supported disk
tsz(%‘;ﬁ)z(mzf\iﬁ)il), which is comparable to the velocity
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Figure 4 | Sketch of the geometry of the QSO-disk system. a, Line of sight
(LOS) view as seen by the telescope/PCWI showing both QSOs, the disk, the
filament, and the angular momentum vector for the disk, L. b, View normal to
the disk, for the case of a 125-pkpc distance between QSO A and the disk.

¢, Approximate geometry (showing the QSO, the LOS, the QSO illumination
cones (60° half-angle, 7 sr per cone), for the case of a 125-pkcp distance
between QSO A and the disk.

dispersions in high-redshift disks and is less than the approximately
80-90 km s~ range that would produce efficient shocking and radi-
ative cooling. Additionally, the presence of a clear emission deficit in
the central 25pkpc suggests that the disk is much thinner than
25c0s(70°) =~ 8.6 pkpc. Consequently, we take 1-10 pkpc as a reas-
onable range and use t43 = 3 pkpc for all the mass estimates below,
which have errors of £0.25dex. We infer the column density as a
function of disk radius, assuming a 3-pkpc-thick disk (Fig. 3b).

The estimates above allow us to compare the halo mass profile
derived from the rotation fits to the inferred baryonic gas mass profile
(Fig. 3¢, d). We find that the total baryonic mass in the disk is

— 11.2 t,
My, =10 (3 pl‘ipc

0.52
) Mg, where M is the solar mass. The ratio of

0.52

3pkpc) , which for ¢4 = 3 pkpc
is about 8% of the canonical ratio 0.17. As expected, the baryonic mass
is about 8% of the baryonic Tully-Fisher relation'® for v. = 470km
s~ '. The low baryon fraction in the cold disk component may imply
that either the baryons are lagging the dark-matter collapse or that a
substantial component is shocked to a much higher virial temperature.
However, the mass profiles in Fig. 3¢, d are quite similar, with only a
small additional deficit in the inferred baryon ratio at the centre of the
disk. We estimate that the filament has a mass Mg =~10'!' M, which is
comparable to the disk mass, and suggests that some of the baryons
associated with the halo will accrete in the future.

The integral field spectroscopic data allows us also to determine
the total angular momentum of the disk baryons: L,=3.2x
10°13°2M¢ kpc km s™!. The specific angular momentum j, is inde-
pendent of the disk thickness: ji, = Ly/M;, = 2 X 10* pkpckm s~ ". These
quantities, in conjunction with the halo parameters, allow us to deter-
mine the normalized spin parameter'”: A, =i, / (\/ZRvirvvir) = 0.14,
where vy;, is the virial velocity. Typically, dark-matter halos have spin
parameters A4 = 0.04 at z = 0, although spin parameters are predicted
to be higher at z = 2, sometimes reaching’ 14 = 0.1. The baryonic spin
parameter that we measure is an additional 40% larger, suggesting that
the baryons in the extended disk have an angular momentum that is
much greater than that of the dark matter halo. The large diameter and
very high angular momentum of the structure strongly suggest that the
extended disk is a ‘cold flow disk’, similar to those predicted by simula-
tions®. This is the first directly imaged example of such an object, to our
knowledge.

baryonic mass to total mass is 0.013( fa
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The extended disk of QSO UM287 does not have a detected stellar
component in the continuum image, although there is continuum
emission in the central part of the disk that coincides with the Lyo
emission deficit (source D, another bright continuum emission object,
is located almost exactly at the centre of the disk). The column density
that we estimate, Ny = 2.5 X 10*! cm ™2, is above the star-formation
threshold for solar metallicity. Although feedback from the QSO illu-
mination could halt star formation for 1-10 Myr, the continuum rest-
frame far-ultraviolet emission probes a 100-Myr timescale. The lack of
star formation in the extended disk could be explained by a low metal-
licity (Z < 0.1), which raises the star-formation threshold, owing to the
lower dust content and H,-formation rate'®. Source D implies a central
star-formation rate of >15M, yr~'; the Lyo emission deficit could be
caused either by increased dust absorption or by a gas deficit. The
central deficit could also be produced by preferential photoevapora-
tion by the QSO, or H 1 in the foreground (on the observer’s side of
the QSO) given that H 1 is abundant in the circumgalactic medium
around quasars®.

Other possible causes of the observed velocity shear deserve com-
ment, such as whether the extended disk is a result of the interactions
that produced QSO source A and another bright object, QSO source B.
We explore some alternatives in the Methods. QSO-merging disk
models and observations imply, in general, a late appearance of the
optical QSO phenomenon and only faint and fading signs of interac-
tions. The large size, smooth kinematics and excellent fit to a simple
disk model are not consistent with merging disks and tidal tails. The
lack of any direct connection to QSO A or velocity shear nearing and
crossing QSO B suggest that these objects are not directly linked or fed
by the disk. The observations are best explained by an extended rotat-
ing disk linked to a cosmic web filament.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Instrument and observations. We have constructed an integral field spectro-
graph, called the Palomar Cosmic Web Imager (PCWI), that is designed to search
for, map, and characterize intergalactic-medium emission and other low surface
brightness phenomena’. It is built with a 40" X 60" reflective image slicer with
twenty-four 40" X 2.5" slices. PCWI is mounted at the Cassegrain focus of the
Hale 5-m telescope on Mt Palomar, USA. The imaging resolution, while limited
by the 2.5” slicer sampling, can be effectively improved to approximately 1.3” by
dithering the field between individual exposures. A description of the instrument,
general observing approach, and data analysis methodology is given in refs 8 and 9.
For the UM287 observation, the spectrograph was fitted with a Richardson
reflection grating, blazed near 5,000 A, and has an instantaneous bandwidth of
approximately 170 A with the nod-and-shuffle mask in place. With this grating,
the spectrograph attains a slit-limited resolution AJ = 2.5 A and a peak efficiency
of about 4% at 4,000 A including the telescope and atmosphere.

We obtained a total of 2 h on-source and 2 h off-source exposure centred on

QSO UM287 on 23 September 2014. Individual exposures were acquired using the
nod-and-shuffle technique®***>. The PCWI implementation of nod-and-shuffle
uses the central third of the charge-coupled device (CCD) to record the spectrum,
and masks the outer two thirds of the detector for storage (restricting the effective
common bandpass to about 170 A given the image slicer offset brick wall pattern
and slit curvature). Individual exposure frames are created by interleaving an
integral number, N, of on-target telescope pointings of length f with N + 1 back-
ground pointings, the first and last of length /2, and the remainder of length ¢. This
cadence results in separate source and background tiles being built up on the CCD,
each equivalent to an (N X f) exposure. A typical 40-min exposure (t=120s,
N =10; 20 min source and 20 min background) takes approximately 50 min of
wall-clock time, including CCD read-out. The benefits of using the nod-and-
shuffle method are that the sky is sampled frequently and nearly contempora-
neously with the object, it is imaged through the same optical path as the object,
and it is recorded using the same detector pixels as the object. This improves
sky subtraction precision, reduces the contribution of detector read noise by
decreasing the number of CCD read-outs, and limits the impact of instrument
systematics. Pixel binning the detector 2 by 2 further reduces the impact of the
three-electron (root mean square) read noise.
Data cube generation. We collected numerous calibration images using internal
and dome lamps throughout the observing period. The obtained 2D spectra were
processed with the PCWI/Keck CWI data reduction pipeline. They were rectified
and aligned using geometric mask calibration images and arc lamp spectra.
Background panels were subtracted from source panels. Individual 3D data cubes
were then wavelength-shifted to compensate for the <1 A of total flexure using
sky lines. The final mosaicked and co-added data cubes were assembled using
the astrometry on the basis of the QSO position. The reconstruction is accurate
to about 0.5 arcsec (root mean square).

Exposure maps were generated by processing normalized flat-field images
(calibration and twilight flats) in a similar fashion. The result is a set of data cubes
(RA, dec., and 2) for each exposure, sampled at (0.55", 1.1 A)and covering 3,940
4,110 A. As the nod-and-shuffle mask does not physically contact the CCD, a small
amount of diffuse continuum light scatters underneath it and remains in the
subtracted cube (<1%). This residual is easily subtracted with a low-order con-
tinuum fit. The data cube was normalized using the measured signal from the QSO
UM287 and its measured spectrum at 4,000 A from the Sloan Digital Sky Survey.
The absolute flux measurements are accurate to £10%.

The data cube projections (other than Extended Data Fig. 1a-d) are produced
from this difference flux cube by a 3D adaptive-smoothing-in-4 algorithm,
which incorporates a hierarchical adaptive-smoothing algorithm in space and
wavelength®®. The 3¢ noise threshold used for this algorithm is derived directly
from the difference cube, and is consistent with the predicted Poisson noise.
Raw spectral and narrow-band images compare well with the smoothed images
(Extended Data Fig. 1, Fig. 1).

Channel maps. As the filament approaches QSO UM287 (Fig. 1) the mean velo-
city shears red-ward and the dispersion broadens. A succession of 2-A channel
cuts through the smoothed data cube (Extended Data Fig. 2) illustrate a disk
morphology with emission moving linearly towards the QSO (but offset) as the
channels move from blue to red. These images also demonstrate that neither the
QSO subtraction nor the presence of a nearby line and continuum object (source
C) are responsible for the disk emission nearest QSO UM287. To reveal the spatial
structure of the emission, we use the kinematic and spatial behaviour gleaned from
the channel maps (Extended Data Fig. 2) to design a new narrow-band window
that follows the velocity-shear structure. Using this technique we find evidence of
an extended gaseous disk offset from, and illuminated by, the nearby QSO (Fig. 3).
Bright QSO subtraction. We generated several figures in the text (Fig. 3,
Extended Data Figs 2 and 5) by subtracting an average image. In the case of

spectral images, we calculated and then subtracted an average intensity versus slit
position map. That is, we calculated a single flux at each slit position and then
subtracted it from the spectral image—this can be thought of as a single-value
continuum subtraction. In the case of narrow-band images, a single PSF is calcu-
lated by averaging over a wavelength range. This average image is subtracted from
each narrow-band image. The wavelength range used is 3,958-4,013 A, and
includes the Lyo emission region (we include this to be conservative since it
subtracts a small amount of extended emission, but we note it does not noticeably
alter the results). In Extended Data Fig. 2, we subtract only the emission within an
elliptical contour (reflecting the PSF) near the bright QSO. In Fig. 2, we subtract
the average over the full spectral image in order to remove both QSOs and high-
light the disk emission. For the narrow-band images in Extended Data Fig. 2 and
Fig. 2, we calculate an average image for the bright QSO and subtract that from the
narrow-band image, to highlight the disk emission.

Nearby sources and source-subtraction residuals. It is important to dem-
onstrate that the disk emission is not an artefact produced by the nearby QSO
or the continuum source C. We show (Extended Data Fig. 3) the CWI, W. M. Keck
Observatory narrow-band, and Keck V-band continuum image, along with loca-
tions of the QSOs (A and B) and two sources near QSO A (C and D). Source Cis a
fairly bright, compact continuum and line source near the QSO. Source D is a
fainter, slightly extended continuum and Lya line source also near the QSO.
Sources C and D appear distinct in both the Keck continuum and the narrow-
band images. Source D falls exactly in the disk emission minimum and centre.
Source Cis offset north from the centre of the disk (Fig. 2). Residuals following the
elliptical contour are outside the subtraction area. When we perform no subtrac-
tion (Extended Data Fig. 4), we see that the excess emission associated with the
disk and source C are still present in all channels, and in particular in the positive
velocity channels. We can also remove the average emission from each entire
image, not just near QSO A (Extended Data Fig. 5). Again the average is taken
over the range 3,958-4,013 A including the Lyo. emission region. Source C is
removed because it is a continuum source, except in the channels in which its line
emission appears (Extended Data Fig. 5j, k). Considerable positive-velocity disk
emission remains after removing the continuum, particularly in Extended Data
Fig. 5h-j, k, and clearly exceeds any small remaining residuals due to small
(around 1%) variations of the PSF with wavelength. This emission is well offset
from source C. Finally, we can use a stepped vertical pseudo-slit to show a kine-
matically sheared profile that is consistent with a disk at several locations on and
off QSO A (Extended Data Fig. 6).

Kinematic modelling. We model the 2D velocity profile (Fig. 2c, e) with a
Navarro-Frenk-White (NFW) dark-matter halo profile®. We assume that the
velocity profile is circular and dominated by dark matter with no stellar or bary-
onic contribution. We convolve the predicted 2D profile with the measured PSF
based on the QSO A image. The 2D velocity profile is well fitted (Fig. 2f, g) by a
rotating disk in an NFW dark-matter halo with mass log,,M, =13.115,
halo concentration c=3*3, central velocity near systemic (vo = 50 = 30kms '),
circular velocity (at the virial radius) v.=500km s, and virial radius
Ry;; = 225 pkpc. Using a pseudo-slit (Fig. 2) we extracted a 1D velocity profile
(Fig. 3a), which is also well fitted by an NFW model with consistent inferred
geometry, mass log,, My =13.1703, and halo concentration c=5"]. The blue-
shifted end of the disk (v~ —450kms™") smoothly transitions to an extended
filament (80 pkpc < R < 250 pkpc, crossing the faint QSO) with the same velocity
of about —450kms ™.

Intensity modelling. To constrain the geometry of the disk with respect to the
LOS and the QSO, we set up a simple model (Fig. 4). We assume that the QSO has
two opposite emission cones each with 7 sr (60° cone half-angle). The line of sight
is included in one of these cones, and the disk and the filament feeding the disk are
included in the other. The disk inclination is estimated from the axis ratio and the
2D kinematic model fit to be about 70° = 5°. The requirement that the rear
emission cone illuminates all of the visible disk and filament places a lower limit
on the separation between the disk and the QSO of 65 pkpc. We note that QSO B
could also produce some of the illumination, but we neglect that here.

We use the ‘Cloudy’™ nebular emission code (version 11.10) to estimate the
column density and constrain the gas density of the illuminated disk. We use a
standard QSO spectrum with luminosity log;o(vL,) = 46.9, black-body temper-
ature T= 1.5 X 10° K, and power-law indices oox = —1.4 (for optical-to-X-ray),
oyy = —0.5 (for UV), and o, = —1.0 (for X-ray). We populate a grid of fixed
number density models with total gas column density log;oNy = {20.5,
20.6,...,22.5}, distance between the disk and QSO A ry = {75, 125,...275} pkpc,
disk thickness t4 = {1, 3, 10, 30} pkpc, disk turbulent velocity ,, = {0, 300} km s~ v
disk metallicity [Z/H] = {0, —1, —2}. For each of these models a Ly flux is calcu-
lated, with contributions from recombination radiation, line scattering, and col-
lisional excitation also determined. We find that the model predicts that intensity
only strongly depends on disk thickness (disk density) and hydrogen column
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density, as expected, since the neutral fraction (ny0 /ny) scales as the square root of
the gas density. The model predicts that the gas is optically thin in the Lyman
continuum, and thus column density only a strongly depends on disk thickness
and flux, as previously shown'*™. For recombination radiation we expect
Ny = (It3)*° cm *where I is the intensity; the resulting model nearly replicates
this dependence: Ny = 10215£,052£0-56 R0-® 5 0.07[7 /1] =00 yhere fy is the Lya
flux in units of 3 X 10" ergem™*s~ ' arcsec” > and Ry g is the distance between
the QSO and the disk in units of 100 kpc. The neutral hydrogen column density
Ny is relatively independent of disk thickness, and varies strongly with QSO/disk
separation, ranging from Ny, = 10'2 cm ™2 for Rypo = 0.75 to Ny, = 10" cm ™2
for Rgo = 2.0. In the regime determined from the data, the neutral fraction is low
(«1) and most of the Lyo emission is produced by radiative recombination (as
opposed to line scattering®** or collisional excitation*). The model is insensitive to
whether the disk is thermally or turbulently supported, because, in the model grid,
the thickness and column density are fixed to enable us to derive the intensity, and
the line emissivity is only a weak function of the turbulent velocity g,.

The brightness of the fluorescent Lya suggests that the dust-to-gas ratio in the
disk is low, because substantial reduction in output flux at Ny = 10** cm ™2 occurs
with dust-to-gas ratios greater than 10 >~10"2 times the standard Milky Way
ratio'”. Finally, we use the average intensity at each point of the pseudo-slit in Fig. 2
to determine Ny as a function of the other parameters. We estimate the filament
mass using the same model. Here, the filament thickness is taken to be 24 pkpc, on
the basis of a filament width of approximately 3 arcsec, length of 160 pkpc, and a
mean Ny = 7 X 10*° cm™? (Fig. 3). The filament mass is then Mg = 10" %2 M,
where tg = 24 pkpc.

We compute the angular momentum of the disk by assuming that the fitted
velocity profile (intrinsic, before blurring and averaging) and column density
profile apply to the full 180° associated with each half of the disk.

Radiative transfer. Optically thick Lyo radiation can produce a double-peaked
profile as line photons escape from the line centre by frequency random walk".
The optical depth 7, for an H 1 column density Ny, =~ 10'” cm™? is 7, = 3,000,
which for a gas temperature T~ 10*-10° K (and equivalent turbulent velocity)
gives a double-peak separation less than 1.5 A. This separation would not be
resolved in our observation. Under these conditions, for line photons escaping a
relatively kinematically quiet disk (¢, <50 kms™ 1), and because we do not expect
substantial velocity shears along the line of sight, the line centroid should reflect
the average local gas velocity'®"".

Alternative models. Since the UM287 disk is found in proximity to QSO A (and
B), it is possible that it was produced by the same interactions that produced QSO
A (and possibly B), or in interactions by the halo that the object could share with
QSO A (and possibly B). Simulations of tidal tails in cold dark matter models
suggest that long tails can be formed of about 250 pkpc®*~**. Here we make some
general observations, and in this discussion refer to the UM287 nebula as being
composed of the bright filament (Fig. 2, at station 20-35 arcsec) and the faint
filament (Fig. 2, station 35-50 arcsec). Luminous QSOs at high redshift are prob-
ably formed from major mergers of two gas-rich disks*. The optical QSO phase is
late in the evolutionary sequence of such a merger and tends to show only faded
and faint evidence of interactions such as tidal tails****. Our kinematic observa-
tions of the UM287 nebula are well fitted by a smooth rotating disk connected to a
quiescent filament with low velocity shear. The intensity distribution is also disk-
like. The inferred gas column densities (10> cm™2) and gas masses (10'' M) are
high. The span of the bright filament is 120 pkpc and of the entire filament is
several hundred proper kiloparsecs.

We consider three classes of alternative models. First, an undetected disk could
be interacting with the host of QSO B, leading to a merging disk and long tidal tails
illuminated by QSO A. However, there is no evidence in Lya for emission or the
complex kinematics of a merging disk at, or near, QSO B. Long tidal tails are
usually fairly thin, curved, fade away from the interaction region, and show con-
tinuous velocity shear as various parts of the tail expand, rotate, and fall back®.
Neither the intensity, morphology, nor velocity profiles of the UM287 filament
exhibit this behaviour. No emission is seen from an opposing tail.

A second possibility is that the bright part of the filament is part of a merging
disk hosting QSO A or the tidal tail, and that the faint filament is part of the tidal
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tail. Several issues arise with this picture. The bright filament is tangential to QSO
A with no detected connection, whereas a tidal tail would be expected to project
radially outward and then curve tangentially, all in a plane that includes the host
merging disk and QSO A. It is difficult to illuminate the bright filament with QSO
A unless their separation is at least 100 pkpc, which is inconsistent with the
possibility of the bright filament being part of the merging disks. There is no
evidence for complex merging disk/tail kinematics, for example large velocity
shears where the tidal tail meets the merging disks, or curvature in velocity-
position space of the tail*®. There are no continuum counterparts (other than D)
to the filament, as usually seen in tidal tails. The filament is quite wide (approxi-
mately 60 pkpc) compared to observed and modelled tails. Gas moving outward in
a tidal tail would be likely to show a kinematic discontinuity with the outer disk
rotation curve. Typically, the base of the tail is closer to the systemic velocity of the
merging system (as well as the end, with a noticeable curvature in between),
because this gas (farthest from the centre of mass at perigalacticon) has suffered
a tidal impulse that launches the tidal tail. Although there is no direct way to
determine whether the gas in the filament is in-falling from the cosmic web or
moving outward in a tidal tail, the lack of this kinematic signature is further
(indirect) evidence that the gas is flowing in and smoothly merging with the outer
parts of the disk.

A third possibility is that the filament is produced by an interaction that does
not produce the QSOs but occurs in the same halo. In this case, the main purpose
of positing the interaction is to explain the large size of the filament. Again, the
simple and smooth kinematics, the large width, the high gas mass, and the disk-like
morphology suggest that this is neither a merging disk system or a tidally disrupted
disk passing through the halo of QSO A.

Thus, although we cannot investigate all possible interaction geometries and
scenarios here, a merger/tidal scenario is not favoured by our observations.
Code availability. We choose not to make the pipeline code available at this time
because it is not fully documented for public use but plan to do so in early 2016.
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Extended Data Figure 1 | Illustration of raw and conventionally smoothed  a, conventionally boxcar smoothed by 10 pixels. d, Raw narrow-band image

data. a, Raw-data spectral image of pseudo-slit obtained in the slit shown shown in b, conventionally boxcar smoothed by 10 pixels. e, Spectral

in b. 1o error is about 3 kLU or approximately one colour scale step. b, Raw-  image obtained by 3D adaptive smoothing as discussed in the Methods.
data narrow-band image obtained in the 3,970-4,000 A band. 10 error is f, Narrow-band image (3,970-4,000 A) obtained by summing over the 3D
50 kLU or about 0.5 colour scale steps. ¢, Raw spectral image shown in adaptively smoothed data cube, as discussed in the Methods.
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Extended Data Figure 2 | Channel maps of the UM287 data cube. a-1, Panels
show individual velocity channels that are 150km s ™" wide, corresponding
to a 2 A width. Sources A-D near QSO UM287 are plotted. Velocities are with
respect to the UM287 systemic velocity. QSO A has been subtracted by
calculating an average PSF for the QSO over the 3,970-4,000 A band, and then
subtracting this slice by slice, within an elliptical radius of 6 arcsec in the x
direction and 7.2 arcsec in the y direction. The residual flux in certain channels
is due to three effects. (1) At the centre of QSO A, the residual flux is due

to emission lines in the QSO around Lyo.. (2) At the elliptical boundary
surrounding the QSO, a small subtraction residual can be seen outside the
ellipse within which the subtraction is performed. This is typically 3-5 kLU, and
can be seen clearly without additional sources in ¢ and d. (3) Emission sources
are present near the QSO in certain channels. Source C shows line emission
primarily in j and k (430 km s ™' <v<731kms '), and its continuum

emission is subtracted along with the QSO. Any emission near the subtraction
boundary above 5 kLU is not a subtraction residual due to the QSO. The
disk emission appears bright in b southeast of QSO A, and moves north,
approaching the QSO as the velocity moves redward. In the two central velocity
channels, the emission appears almost ring-like and continues to move north,
roughly centred on source D. The emission continues to move north in

h-j. The emission is 15-25 kLU and therefore cannot be QSO subtraction
residuals. The emission is also not partially subtracted emission from source C.
The emission iniand j are several arcseconds east of source C. Further evidence
for this point is given in Extended Data Figs 4 and 5. To indicate the
approximate disk location, we show an elliptical contour with a major axis
radius of 8.5 arcsec, position angle of 15.5°, and an ellipticity corresponding
to an inclination of 70°.
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Extended Data Figure 3 | Comparison of PCWI data and Keck narrow- intensity scale as the PCWI image in a. ¢, Keck V-band image. Sources A, C,and
band and continuum images. a, PCWI narrow-band image created by D are shown; continuum magnitudes in the V band are approximately (=2
summing 3,970-4,000 A data-cube slices from the adaptively smoothed data mag) 16.6 AB, 22.2 AB, and 23.8 AB respectively. d, Keck continuum-

cube. Sources A, B, C, and D are shown. PCWI image is not continuum subtracted narrow-band image on an expanded intensity scale.

subtracted. b, Keck continuum-subtracted narrow-band image on the same
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show individual velocity channels that are 150 km s~ wide, corresponding to a
2 A width, as in Extended Data Fig. 2. In this case, no source subtraction has velocity.
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Extended Data Figure 5 | Channel maps of the UM287 data cube. are with respect to the UM287 systemic velocity. This subtraction removes the
a-1, Individual velocity channels that are 150 km s ™" wide, corresponding toa  average continuum from all sources, including source C. The emission centred
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Extended Data Figure 6 | Spectral image and rectangular pseudo-slit slices
of the UM287 data cube. a—c, The spectral image shown at left is in the same
format as Fi% 1, and the narrow-band image that is obtained using a
—600kms ™' <v<600kms~ " velocity cut is shown on the right with the
corresponding slit location from which the spectral image is obtained. The
vertical slits are 2.5 arcsec wide, and are positioned at 0 arcsec, 3.75 arcsec, and
5.0 arcsec in the positive x direction (northeast) with respect to the 0 reference

position. The average QSO A spectrum has been subtracted in the bright
regions. In each spectral image, strong emission appears with a large, quasi-
linear velocity shear centred on the QSO velocity. Also, the narrow-band image
in this velocity range illustrates that, as the emission approaches the QSO,
there is an offset to the northeast that is not consistent with a direct entry into
the QSO. d-f, The same plots with the minimum intensity range set to a
negative value to show negative residuals from the QSO subtraction.
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