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High-redshift Lyman-alpha blobs®? are extended, luminous, but rare structures that appear
to be associated with the highest peaks in the matter density of the Universe*®. Their en-
ergy output and morphology are similar to powerful radio galaxies’, but the source of the
luminosity is unclear. Some blobs are associated with ultraviolet or infrared bright galaxies,
suggesting an extreme starburst event or accretion onto a central black hole®1’, Another
possibility is gas that is shock excited by supernovae!*!2, However some blobs are not associ-
ated with galaxies'>14, and may instead be heated by gas falling into a dark matter halo!>",
The polarization of the Lye emission can in principle distinguish between these options?’-22,
but a previous attempt to detect this signature returned a null detection*®. Here we report
on the detection of polarized Lya from the blob LAB1%. Although the central region shows
no measurable polarization, the polarized fraction (P) increases to ~ 20 per cent at a radius
of 45 kpc, forming an almost complete polarized ring. The detection of polarized radiation
is inconsistent with the in situ production of Lya photons, and we conclude that they must
have been produced in the galaxies hosted within the nebula, and re-scattered by neutral
hydrogen.

The Lya emission line of neutral hydrogen is a frequently used observational tracer of evolv-
ing galaxies in the high redshift Universe. Lya imaging surveys typically find a large number
of faint unresolved objects and a small fraction of extremely luminous and spatially extended sys-
tems that are usually referred to independently as Lyman alpha blobs (LABs). The compact sources
usually appear to be more ordinary star forming galaxies whereas, since their discovery, much con-
troversy has surrounded the true nature of LABs. Because one of the possible modes of powering
LAB:s is the accretion of gas from the intergalactic medium'>*'?, an eventual consensus about this
powering mechanism holds particular relevance for how the most massive and rapidly evolving
high redshift dark matter haloes acquire the gas required to fuel star formation in the galaxies they
host. Predictions for polarized Lya radiation were made over a decade ago®’, and have been further
developed to the extent that the polarization signal may act as a diagnostic to study the origin of
the Lya photons®!. By relying upon the scattering of Lya photons at large distances from their



production sites, these polarization measurements may also provide an independent constraint on
the distribution of neutral gas in the circumgalactic regions, which has proven a difficult measure-
ment to make by traditional techniques. The one previous attempt to detect the polarization of a
LAB returned a null result**, although very deep observations are required that need considerable
time investments on 8—10 meter class telescopes. In the ESO Very Large Telescope observations
presented here, we observe one of the largest and most luminous LABs on the sky in imaging
polarimetry mode (Figs 1] and 2)).
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Figure 1 | LAB1 in Lya. The large panel to the left shows the combined intensity frame that
has been adaptively smoothed in order to show detail. The Lya emission is spatially extended
over scales of more than 10 arcsec (80 kpc). The 5 arcsecond scale bar shown in the left panel
corresponds to 40 physical kilo-parsec. North is up and East is to the left. The primary target
of this observation is LAB1 2, although the position angle was chosen so as to also include
LABS %, which resides some 20 arcsec to the North. The bright point source to the South East
(lower right) is the AGN C112. Major centres are labelled in the image. The two smaller frames
to the right show the ordinary and extraordinary beams (lower and upper, respectively), which
have been tessellated for quantitative analysis (Supplementary Information). All images are
shown on the same intensity scaling, and even by eye differences in the intensity structure
between the two beams become visible. The cross marks the point that we determine to be
the centre in the subsequent analysis, and is determined as the point of peak Lya surface
brightness that is not associated with the AGN.

These new, deep polarimetric observations show a substantial fraction of the Lya emission



from LABI to be polarized. The data enable the fraction of light that is linearly polarized (P) to
be measured to better than 5% (r.m.s.) in the regions of peak surface brightness, however in these
central regions we find essentially no polarization signal. In order to detect the polarized emission
we need to examine the fainter signal emanating a few arcsec from the centre — when Ly« is emitted
with a high polarization fraction (P = 20%), it is not spatially coincident with the brighter regions
of the nebula. Indeed the highest and most statistically certain measures of P are found some
4-8 arcsec from the centre, forming an almost complete ring of polarized emission. Just a single
resolution element shows a signal-to-noise ratio on P that exceeds 3, but our confidence in these
results is substantially enhanced by the strong degree of spatial correlation between the resolution
elements that are observed to be polarized at high significance. Away from the regions of bright
Lya emission our data show no measurable polarization signal, but a second nearby extended Ly«
source (LAB8*) that lies to the north also shows strongly polarized Lya.

Lya is a resonant line and photons scatter in neutral hydrogen (H 1), undergoing a com-
plicated radiation transfer. At each scattering event, of which there may be millions, a photon
acquires a new direction and frequency, dependent upon the kinematics of the scattering medium
and quantum mechanical probabilities**. The outgoing frequency determines the optical depth that
the photon then sees**2%: small shifts from line-centre (core scatterings) result in effectively no
transfer, while long frequency excursions (wing scatterings) result in significant flights and likely
escape from the system. The more frequent core scatterings may emit polarized radiation but it is
typically with a low fraction (P < 7%); the comparatively rare wing scatterings, on the other hand,
may introduce a high degree of linear polarization to the outgoing radiation (P up to 40%)>"2%. The
observed polarization signal therefore provides an unambiguous signature of the scattering nature
of the diffuse Lya halos, and distribution of circumgalactic gas. On the atomic level, the detected
polarization signal provides evidence that the Lya photons are not emerging after a large number
of resonant core scattering events, but are exiting after long shifts in frequency.

The detection of polarization demonstrates that the Lya photons cannot have been produced
in situ at large radial distances. In order to impart a significant level of polarization on the outgoing
radiation, a geometry is required in which Ly« photons preferentially escape after scattering off hy-
drogen atoms at angles of 90 degrees to their vector prior to the scattering event?"2%, This geometry
is not expected in the case of wind/shock excitation since thermalized cooling gas will generate
Lya photons with no preferential orientation or impact angle with respect to the scattering medium.
Similarly, the filamentary streams of cold infalling gas predicted by simulation®”2% appear to have
too small volume filling factors, and be too narrow (few kpc) for any imparted polarization signal
to be observable!” — a spatial resolution would be required that is currently unattainable by optical
polarimeters. While neither of these rejected scenarios have yet been thoroughly tested by radia-
tive transport studies, the production of polarized Lye is well understood, and it is difficult to see a
mechanism by which observably polarized Lya may be produced in these situations. We therefore
conclude that the Lya photons must have been produced centrally in the galaxies themselves and
scattered at large radii by neutral gas. Even if the halo is accreting intergalactic gas, this process is
not responsible for a large fraction of the Lya emission.
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Figure 2 | The polarization of LAB1. Scaling is shown to the right of each panel. Panels
(a) and (b) show the Q and U Stokes parameters. Panel (c) shows a map of the polarization
fraction P that we can measure at 95.4% confidence; this error map demonstrates that in
individual resolution elements we can constrain P in the central regions down to 10% (207). At
a radius of ¥ 6 — 7 arcsec, this decreases to about the 20% level, and beyond ~ 10 arcsec
P becomes noise-dominated. Panel (d) shows the value of P in resolution elements where
it can be well constrained; we make a cut based on the error map, and show bins where P
can be measured to better than 16% (207). P of around 5-10% is found in the centre, but
increases to 15—-20% at ~ 5 arcsec from the centre towards the South, West, and North edges
of LAB1. P =~ 20% is also seen around LAB8. Panel (e) shows P in bins for which we can be
at least 95.4% confident of its measurement. The structure around LAB1 and LAB8 remains,
extending to larger radii, and forming a broken ring at P ~ 20%. Panel (f) shows a smoothed
intensity image with the direction of the polarization vector, y, shown by red bars. As with panel
(e) only bins showing measurements at more than 95.4% confidence level are shown. There is
a clear trend that, when bins show strong polarization, they orientate themselves tangentially
to the overall structure and local Lya surface brightness. These features conform well with the
predictions for the polarization of Lya photons that are centrally produced and scatter at large
radii, or are produced by cooling gas that flows onto the dark matter halo in quasi spherical
symmetry 21,

The geometrical origin of the polarization signal in the photon scattering model, which is
analogous to Rayleigh scattering, implies also that the angle of the polarization vector y should
align tangentially to the overall geometry of the system at large radii?'?2, We also extract this y
vector from the data (Fig |2 panel f). If we define the geometric centre to be the region of peak Lya
surface brightness (excluding the active nucleus; Fig 1), these vectors display a strong tendency to



orientate along directions tangential to the overall geometry of the system. Again this is in good
agreement with theoretical expectations, should the Lya photons be produced centrally by ordinary
star-formation and/or AGN-fueled processes and scatter at large radii*!. However unlike the ide-
alized models used for radiative transport simulations, which assume perfect spherical symmetry
and no velocity shear or clumping of the gas, the true Ly surface brightness is far from smooth
and symmetric. This may reflect either multiple Ly sources within the halo, large scale inhomo-
geneities in the scattering medium, or both. Polarization of Lya emission in a clumpy medium has
not yet been tested by simulation although clumping could potentially either suppress or enhance
the polarization*!, and likely depends on the relative size and volume filling factor of the clumps.
Regardless, we would still expect the polarization signature to remain provided that the individual
regions are well resolved, in which case y would then be expected to align tangentially to contours
in the local surface brightness. This effect is also reflected in the data, and we find polarization
vectors preferentially line up at angles approximately perpendicular to the local surface brightness
gradient at their position. The Supplementary Information includes a quantitative analysis of the
polarization angles compared with both local surface brightness gradients and the overall system
geometry.

There is one final observable prediction that has been suggested by radiative transport simu-
lations. This is the radial profile of the polarization fraction, P, which according to the scattering
shell model should present with P = 0 in the geometric centre and increase with increasing radius.
We have computed this radial profile of P using the same central coordinates as defined previously
(Fig[3) and find strong evidence for P increasing with radius, again in agreement with predictions.
The central point on the profile and most significantly polarized point in the ring are discrepant
at over 20~. We have fitted the innermost 7 arcsec (5 data points; where data are deemed reliable)
with the simplest function for P varying linearly with radius. Computing the classical p—value,
1 -T'(v/2,x?/2) where v is the number of degrees of freedom, shows above 96% confidence in this
hypothesis. The same test performed on a flat profile (P = 8.3%), suggests that a structure in which
P is independent of radius is consistent with the data at 16%. Regardless, the slim possibility of P
that is flat with radius does not present a difficulty for the scattering scenario, which is supported
not only by the detection of polarized Ly« itself, but also by the angular distribution of polarization
vectors; this radial profile is simply the least robust of our constraints. The actual gradient of P
with radius depends upon both the column density and radius of the shell, neither of which we
know — assuming that the idealized geometry holds and that the shell has a radius of 10 arcsec, the
models with column densities of 10'* — 10?° cm~2 would be in agreement with the data (Fig 3). In
this step of the analysis we also compute the total luminosity-weighted polarization fraction within
each radius: within 7 arcsec we obtain an integrated value of P = 11.9 + 2%. We take this value as
the overall polarization fraction of the nebula, which we quote at 60 significance.
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Figure 3 | The radial polarization profile. Blue points show the fractional polarization, P,
which is measured in concentric 1.5 arcsec annuli. We implement a new binning method
(Supplementary Information) that enables annular measurements of P using independent bins.
The binning structure is shown to the right, the centre the same as illustrated in Fig[f] P has
been corrected for spuriously high polarization fractions that may be measured at low signal-
to-noise?”. In magenta the total intensity profile is shown. Errorbars on both measurements
are 1o, and the lower profile shows the signal-to-noise ratio of P. In the central regions where
intensity is highest, P is measured at ~ 4%, although at 1o is consistent with no polarization.
P and its signal-to-noise both increase with radius; by 5 arcsec P = 10% and is inconsistent
with zero at the 40 level. P peaks at 18% at 7 arcsec, beyond which radius the noise becomes
dominant. Overlaid are the results of numerical models for scattered Ly radiation®! in an
expanding H 1 shell with two column densities: 10" cm=2 (lower) and 10?*° cm~2 (upper). The
curves have been smoothed over lengths of 1.5 arcsec to match our annuli. The actual radius
of the shell is unknown, so the theoretical points have been scaled to shell radius of 10 arcsec,
in order to approximately match both the surface brightness and polarization profiles. This
shows that the predictions are qualitatively matched by observation. Models for scattering
in a static IGM and spherically symmetric accretion are not show since they are not leading
explanations for the powering of LABs.
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