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            Abstract
Simulations of structure formation in the Universe predict that galaxies are embedded in a ‘cosmic web’1, where most baryons reside as rarefied and highly ionized gas2. This material has been studied for decades in absorption against background sources3, but the sparseness of these inherently one-dimensional probes preclude direct constraints on the three-dimensional morphology of the underlying web. Here we report observations of a cosmic web filament in Lyman-α emission, discovered during a survey for cosmic gas fluorescently illuminated by bright quasars4,5 at redshift z ≈ 2.3. With a linear projected size of approximately 460 physical kiloparsecs, the Lyman-α emission surrounding the radio-quiet quasar UM 287 extends well beyond the virial radius of any plausible associated dark-matter halo and therefore traces intergalactic gas. The estimated cold gas mass of the filament from the observed emission—about 1012.0 ± 0.5/C1/2 solar masses, where C is the gas clumping factor—is more than ten times larger than what is typically found in cosmological simulations5,6, suggesting that a population of intergalactic gas clumps with subkiloparsec sizes may be missing in current numerical models.
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                    Figure 1: Processed and combined images of the field surrounding the quasar UM 287.[image: ]


Figure 2: Lyman-α image of the UM 287 nebula.[image: ]


Figure 3: Luminosity–size relations for previously detected, bright Lyman-α nebulae and UM 287.[image: ]


Figure 4: Inferred hydrogen column densities associated with the UM 287 nebula.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Measured transmission curves of the filters used in this study.
Solid line, NB3985; dotted lines, B band (left) and V band (right). Bottom axis, observed wavelength; top axis, the rest-frame wavelength for sources at z = 2.27.


Extended Data Figure 2 Keck/LRIS spectrum of UM 287 and of the faint, radio-loud companion quasar.
Black line, spectrum of this companion quasar which is indicated by ‘b’ in Fig. 2 and is separated by about 24 arcsec from UM 287. Blue line, spectrum of UM287. Comparison of the two spectra clearly shows that this companion is a quasar at a redshift similar to that of UM 287.


Extended Data Figure 3 Pixel-to-pixel correlations for Lyman-α surface brightness for scenarios 1 and 2 in the main text.
a, Pixel-to-pixel correlation between simulated Lyman-α surface brightness (SB) divided by the clumping factor (C) and corresponding cold (T < 5 × 104 K) ionized hydrogen column densities NHII for scenario 1 (see text for details). The solid line indicates the relation NHII = 1021 × (SB)1/2 × C−1/2 (here SB is in units of 10−18 erg s−1 cm−2 arcsec−2 and C is dimensionless). b, Pixel-to-pixel correlation between simulated Lyman-α surface brightness (normalized by the quasar impact parameter squared, b2) and corresponding neutral hydrogen column density for scenario 2 (see text for details). The solid line represents the relation NHi = 1019.1 × [(SB) × (b/100)2]2 cm−2 (here b is in units of kpc).
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A glimpse of structure in the cosmic web
Cosmological theory and observations of the distant Universe point to the existence of a cosmic web, a network of filaments with galaxies located at nodes where the filaments intersect. Now a study of Lyman-α emissions from material surrounding the radio-quiet quasar UM2 87 may have provided a glimpse of the three-dimensional structure of the cosmic web. The redshift-2.3 quasar is illuminating the most extended cold gas reservoir so far discovered in the Universe, and the authors conclude that it traces the larger-scale filamentary structure of the cosmic web predicted by modern cosmological simulations but not previously directly detected.
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