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Ly-a forest:

• primarily probes distribution of low-mass clouds

• should eventually lead to ‘Gunn-Peterson trough’, i.e.

total absorption of Ly-a flux
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Fig. 1.— Optical spectra of z ! 5.8 quasars observed with Keck/ESI, in the observed frame. The spectra have been smoothed to 4Å
pixel−1, and have been normalized to the observed z band flux. The spectrum of SDSS1044–0125 has been taken from Fan et al. (2000). In
each spectrum, the expected wavelengths of prominent emission lines, as well as the Lyman limit, are indicated by the dashed lines.

Gunn-Peterson trough

• first observed in 2001, for the most-distant QSO to that date!
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Fig. 1.— Optical spectra of z ! 5.8 quasars observed with Keck/ESI, in the observed frame. The spectra have been smoothed to 4Å
pixel−1, and have been normalized to the observed z band flux. The spectrum of SDSS1044–0125 has been taken from Fan et al. (2000). In
each spectrum, the expected wavelengths of prominent emission lines, as well as the Lyman limit, are indicated by the dashed lines.

Gunn-Peterson trough

• first observed in 2001, for the most-distant QSO to that date!

GP trough

only observed at z>6
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• non-existence for z<6 means that...

- either most of the hydrogen is not neutral, but ionized instead

- or no hydrogen left in intergalactic space (all already collapsed)
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• non-existence for z<6 means that...

- either most of the hydrogen is not neutral, but ionized instead

- or no hydrogen left in intergalactic space (all already collapsed)

the Ly-a forest

Gunn-Peterson trough

not really compliant with cosmic structure formation...
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• first observed in 2001, for the most-distant QSO to that date!

• non-existence for z<6 means that...

...most of the hydrogen is not neutral, but ionized instead:

the Ly-a forest

Gunn-Peterson trough

cosmic reionisation
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Figure 1. High resolution spectrum of the Lyα forest part of a redshift 3.63 QSO, taken with the HIRES spectrograph on the Keck 10 m
telescope in Hawaii. The plot shows the flux of the QSO in arbitrary units versus the observed wavelength in units of Angstroms. The
noise level can be judged from the longer wavelength wing of the broad, intrinsic Lyα emission line of the QSO (near 5650 Å). All of
the ragged features are high redshift absorption lines. Most of the lines between the QSO’s Lyα and Lyβ emission lines (the humps at
5650 and 4750 Å) are due to Lyα absorption by intervening gas. The actual rate of incidence of absorbers decreases towards shorter
wavelengths (lower redshifts). Nevertheless, the line density increases to the blue because higher order absorption lines from the
Lyman series appear and overlap randomly with Lyα lines of systems at lower redshift.

Figure 2. Detailed section of the previous spectrum. The image
shows a number of absorption lines all corresponding to the
neutral hydrogen (H I) Lyα 1215.67 Å transition. Lines close to
saturation (= zero flux in the line center) have neutral hydrogen
column density typically around N ∼ 1014.2 cm−2,
corresponding to a gas density enhanced by roughly an order of
magnitude with respect to the mean density of the universe. The
mean redshift of the stretch shown is z = 3.248. The spectral
region extends over 3480 km s−1. For a flat # = 1 universe this
corresponds to a spatial extent of approximately 9.6 h−1 Mpc
along the line-of-sight.

what appeared as a smooth absorption ‘trough’ to
earlier observers is in fact a ragged ‘forest’ of hundreds
of individual absorption lines. In other words, the
distribution of neutral hydrogen in the universe is
inhomogeneous on scales down to the width of a typical
Lyα line (see below). The degree of clumpiness appears
magnified by the absorption pattern in the QSO spectra,
because the residual (= unabsorbed) portion of the

QSO’s flux I ∝ e−τ depends exponentially on the Lyα
optical depth τ , which itself depends almost quadratically
on the gas density (or the electron density ne; for a
highly ionized gas at constant temperature). Thus small
density fluctuations produce enhanced fluctuations in the
optical depth. The Lyα forest absorption is observed
in velocity space, and a convergent velocity field (e.g.,
a collapsing gas cloud) could also produce absorption
‘lines’. Caustics in velocity space may form if several gas
volume elements are moving at the same velocity relative
to the observer. Indeed, if Lyα clouds are produced by
gravitational collapse, both overdense regions and infall
should contribute to an absorption line.

Spectroscopy of the Lyα line is an incredibly sensitive
method to detect baryonic matter at any redshift. The
photoionization cross section of neutral hydrogen is so
large that an extremely tenuous gas at or below the
mean density of the universe can be detected easily
in absorption. The method of choice for studying the
Lyα forest is optical high resolution spectroscopy, with a
spectral resolution%λ/λ > 30 000 sufficient to resolve Lyα
lines thermally broadened by the photoionization heating
from the UV background. With 8 m class telescopes, a
spectrum of a QSO suitable for further analysis of the Lyα
forest absorption can be obtained within a few hours of
observing time.

Basic observational properties of Lyα absorbers
Early models of Lyα absorption systems envisaged the
absorption lines as arising from discrete ‘clouds’ of gas
in intergalactic space. The clouds would be analoguous to
galaxies, but the gas densities appeared too tenuous and
too highly ionized to give rise to star formation. Moreover,
the average clustering of the lines in velocity space was
too weak for the clouds to be related directly to galaxies.
Thus the gas giving rise to Lyα absorption systems came
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Figure 1. High resolution spectrum of the Lyα forest part of a redshift 3.63 QSO, taken with the HIRES spectrograph on the Keck 10 m
telescope in Hawaii. The plot shows the flux of the QSO in arbitrary units versus the observed wavelength in units of Angstroms. The
noise level can be judged from the longer wavelength wing of the broad, intrinsic Lyα emission line of the QSO (near 5650 Å). All of
the ragged features are high redshift absorption lines. Most of the lines between the QSO’s Lyα and Lyβ emission lines (the humps at
5650 and 4750 Å) are due to Lyα absorption by intervening gas. The actual rate of incidence of absorbers decreases towards shorter
wavelengths (lower redshifts). Nevertheless, the line density increases to the blue because higher order absorption lines from the
Lyman series appear and overlap randomly with Lyα lines of systems at lower redshift.

Figure 2. Detailed section of the previous spectrum. The image
shows a number of absorption lines all corresponding to the
neutral hydrogen (H I) Lyα 1215.67 Å transition. Lines close to
saturation (= zero flux in the line center) have neutral hydrogen
column density typically around N ∼ 1014.2 cm−2,
corresponding to a gas density enhanced by roughly an order of
magnitude with respect to the mean density of the universe. The
mean redshift of the stretch shown is z = 3.248. The spectral
region extends over 3480 km s−1. For a flat # = 1 universe this
corresponds to a spatial extent of approximately 9.6 h−1 Mpc
along the line-of-sight.

what appeared as a smooth absorption ‘trough’ to
earlier observers is in fact a ragged ‘forest’ of hundreds
of individual absorption lines. In other words, the
distribution of neutral hydrogen in the universe is
inhomogeneous on scales down to the width of a typical
Lyα line (see below). The degree of clumpiness appears
magnified by the absorption pattern in the QSO spectra,
because the residual (= unabsorbed) portion of the

QSO’s flux I ∝ e−τ depends exponentially on the Lyα
optical depth τ , which itself depends almost quadratically
on the gas density (or the electron density ne; for a
highly ionized gas at constant temperature). Thus small
density fluctuations produce enhanced fluctuations in the
optical depth. The Lyα forest absorption is observed
in velocity space, and a convergent velocity field (e.g.,
a collapsing gas cloud) could also produce absorption
‘lines’. Caustics in velocity space may form if several gas
volume elements are moving at the same velocity relative
to the observer. Indeed, if Lyα clouds are produced by
gravitational collapse, both overdense regions and infall
should contribute to an absorption line.

Spectroscopy of the Lyα line is an incredibly sensitive
method to detect baryonic matter at any redshift. The
photoionization cross section of neutral hydrogen is so
large that an extremely tenuous gas at or below the
mean density of the universe can be detected easily
in absorption. The method of choice for studying the
Lyα forest is optical high resolution spectroscopy, with a
spectral resolution%λ/λ > 30 000 sufficient to resolve Lyα
lines thermally broadened by the photoionization heating
from the UV background. With 8 m class telescopes, a
spectrum of a QSO suitable for further analysis of the Lyα
forest absorption can be obtained within a few hours of
observing time.

Basic observational properties of Lyα absorbers
Early models of Lyα absorption systems envisaged the
absorption lines as arising from discrete ‘clouds’ of gas
in intergalactic space. The clouds would be analoguous to
galaxies, but the gas densities appeared too tenuous and
too highly ionized to give rise to star formation. Moreover,
the average clustering of the lines in velocity space was
too weak for the clouds to be related directly to galaxies.
Thus the gas giving rise to Lyα absorption systems came
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Figure 1. High resolution spectrum of the Lyα forest part of a redshift 3.63 QSO, taken with the HIRES spectrograph on the Keck 10 m
telescope in Hawaii. The plot shows the flux of the QSO in arbitrary units versus the observed wavelength in units of Angstroms. The
noise level can be judged from the longer wavelength wing of the broad, intrinsic Lyα emission line of the QSO (near 5650 Å). All of
the ragged features are high redshift absorption lines. Most of the lines between the QSO’s Lyα and Lyβ emission lines (the humps at
5650 and 4750 Å) are due to Lyα absorption by intervening gas. The actual rate of incidence of absorbers decreases towards shorter
wavelengths (lower redshifts). Nevertheless, the line density increases to the blue because higher order absorption lines from the
Lyman series appear and overlap randomly with Lyα lines of systems at lower redshift.

Figure 2. Detailed section of the previous spectrum. The image
shows a number of absorption lines all corresponding to the
neutral hydrogen (H I) Lyα 1215.67 Å transition. Lines close to
saturation (= zero flux in the line center) have neutral hydrogen
column density typically around N ∼ 1014.2 cm−2,
corresponding to a gas density enhanced by roughly an order of
magnitude with respect to the mean density of the universe. The
mean redshift of the stretch shown is z = 3.248. The spectral
region extends over 3480 km s−1. For a flat # = 1 universe this
corresponds to a spatial extent of approximately 9.6 h−1 Mpc
along the line-of-sight.

what appeared as a smooth absorption ‘trough’ to
earlier observers is in fact a ragged ‘forest’ of hundreds
of individual absorption lines. In other words, the
distribution of neutral hydrogen in the universe is
inhomogeneous on scales down to the width of a typical
Lyα line (see below). The degree of clumpiness appears
magnified by the absorption pattern in the QSO spectra,
because the residual (= unabsorbed) portion of the

QSO’s flux I ∝ e−τ depends exponentially on the Lyα
optical depth τ , which itself depends almost quadratically
on the gas density (or the electron density ne; for a
highly ionized gas at constant temperature). Thus small
density fluctuations produce enhanced fluctuations in the
optical depth. The Lyα forest absorption is observed
in velocity space, and a convergent velocity field (e.g.,
a collapsing gas cloud) could also produce absorption
‘lines’. Caustics in velocity space may form if several gas
volume elements are moving at the same velocity relative
to the observer. Indeed, if Lyα clouds are produced by
gravitational collapse, both overdense regions and infall
should contribute to an absorption line.

Spectroscopy of the Lyα line is an incredibly sensitive
method to detect baryonic matter at any redshift. The
photoionization cross section of neutral hydrogen is so
large that an extremely tenuous gas at or below the
mean density of the universe can be detected easily
in absorption. The method of choice for studying the
Lyα forest is optical high resolution spectroscopy, with a
spectral resolution%λ/λ > 30 000 sufficient to resolve Lyα
lines thermally broadened by the photoionization heating
from the UV background. With 8 m class telescopes, a
spectrum of a QSO suitable for further analysis of the Lyα
forest absorption can be obtained within a few hours of
observing time.

Basic observational properties of Lyα absorbers
Early models of Lyα absorption systems envisaged the
absorption lines as arising from discrete ‘clouds’ of gas
in intergalactic space. The clouds would be analoguous to
galaxies, but the gas densities appeared too tenuous and
too highly ionized to give rise to star formation. Moreover,
the average clustering of the lines in velocity space was
too weak for the clouds to be related directly to galaxies.
Thus the gas giving rise to Lyα absorption systems came
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Figure 1. High resolution spectrum of the Lyα forest part of a redshift 3.63 QSO, taken with the HIRES spectrograph on the Keck 10 m
telescope in Hawaii. The plot shows the flux of the QSO in arbitrary units versus the observed wavelength in units of Angstroms. The
noise level can be judged from the longer wavelength wing of the broad, intrinsic Lyα emission line of the QSO (near 5650 Å). All of
the ragged features are high redshift absorption lines. Most of the lines between the QSO’s Lyα and Lyβ emission lines (the humps at
5650 and 4750 Å) are due to Lyα absorption by intervening gas. The actual rate of incidence of absorbers decreases towards shorter
wavelengths (lower redshifts). Nevertheless, the line density increases to the blue because higher order absorption lines from the
Lyman series appear and overlap randomly with Lyα lines of systems at lower redshift.

Figure 2. Detailed section of the previous spectrum. The image
shows a number of absorption lines all corresponding to the
neutral hydrogen (H I) Lyα 1215.67 Å transition. Lines close to
saturation (= zero flux in the line center) have neutral hydrogen
column density typically around N ∼ 1014.2 cm−2,
corresponding to a gas density enhanced by roughly an order of
magnitude with respect to the mean density of the universe. The
mean redshift of the stretch shown is z = 3.248. The spectral
region extends over 3480 km s−1. For a flat # = 1 universe this
corresponds to a spatial extent of approximately 9.6 h−1 Mpc
along the line-of-sight.

what appeared as a smooth absorption ‘trough’ to
earlier observers is in fact a ragged ‘forest’ of hundreds
of individual absorption lines. In other words, the
distribution of neutral hydrogen in the universe is
inhomogeneous on scales down to the width of a typical
Lyα line (see below). The degree of clumpiness appears
magnified by the absorption pattern in the QSO spectra,
because the residual (= unabsorbed) portion of the

QSO’s flux I ∝ e−τ depends exponentially on the Lyα
optical depth τ , which itself depends almost quadratically
on the gas density (or the electron density ne; for a
highly ionized gas at constant temperature). Thus small
density fluctuations produce enhanced fluctuations in the
optical depth. The Lyα forest absorption is observed
in velocity space, and a convergent velocity field (e.g.,
a collapsing gas cloud) could also produce absorption
‘lines’. Caustics in velocity space may form if several gas
volume elements are moving at the same velocity relative
to the observer. Indeed, if Lyα clouds are produced by
gravitational collapse, both overdense regions and infall
should contribute to an absorption line.

Spectroscopy of the Lyα line is an incredibly sensitive
method to detect baryonic matter at any redshift. The
photoionization cross section of neutral hydrogen is so
large that an extremely tenuous gas at or below the
mean density of the universe can be detected easily
in absorption. The method of choice for studying the
Lyα forest is optical high resolution spectroscopy, with a
spectral resolution%λ/λ > 30 000 sufficient to resolve Lyα
lines thermally broadened by the photoionization heating
from the UV background. With 8 m class telescopes, a
spectrum of a QSO suitable for further analysis of the Lyα
forest absorption can be obtained within a few hours of
observing time.

Basic observational properties of Lyα absorbers
Early models of Lyα absorption systems envisaged the
absorption lines as arising from discrete ‘clouds’ of gas
in intergalactic space. The clouds would be analoguous to
galaxies, but the gas densities appeared too tenuous and
too highly ionized to give rise to star formation. Moreover,
the average clustering of the lines in velocity space was
too weak for the clouds to be related directly to galaxies.
Thus the gas giving rise to Lyα absorption systems came
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FIGURE 1. Simulating the Lyα forest. The top panel shows a continuum normalized, Keck HIRES
spectrum of the Lyα forest region of the quasar Q1422+231 (z= 3.62), from [6]. The next row of panels
shows blowups of four regions 1422 km s−1 in length. The third row shows simulated spectra extracted
along four random lines of sight at z= 3 from an SPH simulation (solid) and a PM simulation (dotted) of
the ΛCDM model, with Ωm = 0.4, h = 0.65, and σ8 = 0.8 (at z = 0). The fourth and fifth rows show PM
results for different cosmological parameter values: σ8 = 1.0 and Ωm = 0.2, respectively. All simulated
spectra are 1422 km s−1 in length.
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FIGURE 1. Simulating the Lyα forest. The top panel shows a continuum normalized, Keck HIRES
spectrum of the Lyα forest region of the quasar Q1422+231 (z= 3.62), from [6]. The next row of panels
shows blowups of four regions 1422 km s−1 in length. The third row shows simulated spectra extracted
along four random lines of sight at z= 3 from an SPH simulation (solid) and a PM simulation (dotted) of
the ΛCDM model, with Ωm = 0.4, h = 0.65, and σ8 = 0.8 (at z = 0). The fourth and fifth rows show PM
results for different cosmological parameter values: σ8 = 1.0 and Ωm = 0.2, respectively. All simulated
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FIGURE 1. Simulating the Lyα forest. The top panel shows a continuum normalized, Keck HIRES
spectrum of the Lyα forest region of the quasar Q1422+231 (z= 3.62), from [6]. The next row of panels
shows blowups of four regions 1422 km s−1 in length. The third row shows simulated spectra extracted
along four random lines of sight at z= 3 from an SPH simulation (solid) and a PM simulation (dotted) of
the ΛCDM model, with Ωm = 0.4, h = 0.65, and σ8 = 0.8 (at z = 0). The fourth and fifth rows show PM
results for different cosmological parameter values: σ8 = 1.0 and Ωm = 0.2, respectively. All simulated
spectra are 1422 km s−1 in length.
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FIG. 1.ÈProjected mass distribution at z \ 0 in slices through four CDM N-body simulations. The length of each slice is 239.5 h~1 Mpc, and the
thickness is 1/10 of this. To plot these slices, the mass distribution was Ðrst smoothed adaptively onto a Ðne grid using a variable kernel technique similar to
that used to estimate gas densities in smoothed particle hydrodynamics. At z \ 0, the general appearance of all the models is similar because, by construction,
the phases of the initial Ñuctuations are the same. On larger scales, the higher Ñuctuation amplitude in the "CDM and OCDM models is manifest in sharper
Ðlaments and larger voids compared to the SCDM and qCDM models. The two ) \ 1 models look very similar as do the two models, but, because)0 \ 0.3
of their higher normalization, the latter show more structure.

JENKINS et al. (see 499, 25)

PLATE 1

LCDM W0=0.2
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§ reionising the Universe

• energy released by first objects ionizes neutral hydrogen

• detected via…
   
   …Gunn-Peterson trough in QSO spectra:
neutral hydrogen along line-of-sight absorbs photons,
but no trough in spectra for QSO’s with z<6!

 …Thomson scattering of CMB photons:
erasing of small scale anisotropies, polarization of CMB,
Planck 2013: reionisation started at z=11

→ reionisation window:      6 < z < 11 (ca. 500 Myrs)

cosmic effects of first objects
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§ reionising the Universe – movie

cosmic effects of first objects
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§ reionising the Universe – the UV background

cosmic effects of first objects

eventually there will be a homogenous UV background filling the Universe!
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§ reionising the Universe – the UV background

cosmic effects of first objects

first quantitative calculations can be found in Haardt & Madau (1996)
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§ reionising the Universe – the UV background

cosmic effects of first objects

first quantitative calculations can be found in Haardt & Madau (1996)

Haardt & Madau in the background

image credit: Andrea Maccio (in the foreground...)
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§ reionising the Universe – first stars? first galaxies?

cosmic effects of first objects

but what exactly are the sources?
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§ reionising the Universe – first stars:

cosmic effects of first objects

• are very massive

• should have zero metalicities
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• are very massive

• should have zero metalicities
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Figure 5. As in Fig. 4, for the case of an ageing instantaneous starburst
with a stellar mass of 106 M⊙.

with the lowest metallicities considered here (one twentieth of so-
lar) yielding the highest the photon fluxes and the most metal-rich
(twice solar) yielding the lowest for a given star formation rate. The
binary and single-star model populations diverge most significantly
at the lowest metallicities, where the binary population produces
∼60 per cent more ionizing photons than a single-star population,
and least at the highest metallicities where the predictions for con-
tinuously star-forming populations vary only ∼20 per cent between
single-star and binary models.

This behaviour with metallicity arises partly from an effect that
can be seen in the instantaneous starburst evolution shown in Fig. 5.
At metallicities below a few tenths of solar, binary evolution path-
ways extend the period over which a starburst shows high ionizing
flux levels (within 2 orders of magnitude of the zero-age stellar
population), from a few million years up to ∼20 Myr. By contrast,
higher metallicity models show a rapid decline in the ionizing flux
from an ageing stellar population, as processes such as QHE (due
to rotation) are unable to operate effectively. The result is that in
composite populations, at low-to-moderate metallicities, there are
a large number of ultraviolet-luminous stars in the 10-20 Myr age
range that contribute to binary, but not to single-star, models. This
leads to fluxes 1–2 orders of magnitude higher in binary popula-
tions at a time immediately after the death of the most massive (and
therefore ionizing) stars in the single-star models.

The metallicity dependence of the steady-state photon flux, seen
at 100 Myr after the onset of continuous (1 M⊙ yr−1) star formation,
is shown in Fig. 6. The variation between our lowest and highest
metallicity models is a factor of almost four in ionizing photon flux.
As can be seen, there is a strong trend with metallicity, with metal-
poor photons producing a higher ionizing photon flux, at a given
star formation rate. This trend is exaggerated at low metallicities (Z
< 0.004) by the effects of QHE, and we show the photon fluxes for
binary models with and without this effect in the figure. We compare
the observed trend with that derived from the low-metallicity models
by Schaerer (2003), updated by Raiter, Schaerer & Fosbury (2010).
As those authors discuss, the extension of their assumed IMF (which
unphysically neglects stars below 1 M⊙) requires a correction factor

Figure 6. The steady-state ionizing flux from a continuously star-forming
population, observed 100 Myr after the onset of star formation as a function
of metallicity. Single-star models are shown in triangles, models incorpo-
rating binaries with diamonds. The upper panel shows the ratio of ionizing
flux to continuum luminosity in units of photons s−1 per erg s−1 Å−1.
The dashed line in the lower panel gives photon fluxes from the models of
Schaerer (2003) and Raiter et al. (2010), given the correction factor nec-
essary to match our assumed initial mass function (see Section 3.4). The
dashed line in the upper panel shows the matching Raiter et al (2010) models
for photon-to-continuum flux ratio.

of 2.55 in photon flux, while the break below 0.5 M⊙ in the observed
IMF requires a further correction factor of 0.77 (see Section 3.4
below). Fig. 6 demonstrates that, after correction for IMF effects,
the models of Schaerer (2003) predicts a comparable photon flux
to our models at near-solar metallicities, with larger discrepancies
for metal enrichments below ∼0.2 Z⊙ due to the effect of binary
evolution and rotation. However, our models differ from those of
Schaerer (2003) and Raiter et al. (2010) in that we generate this
photon flux at a continuum luminosity typically 0.1 dex lower.

3.4 Initial mass function

There is now observational evidence a small number of stars at M =
100–300 M⊙ in nearby star-forming regions (Crowther et al. 2010).
While these are few in number, they are extremely luminous in the
ultraviolet and thus provide a correction to the ionizing flux that
is modestly metallicity dependent, resulting in a stellar population
that is ‘top heavy’ relative to most previous work.

To explore the impact of this and other IMF effects, we have cre-
ated model populations with a range of different IMFs as described
in Table 1. We model the distribution of initial stellar masses as a
broken power law, such that:
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∫ Mmax

0.5

(
M

M⊙

)α2

dM. (2)

MNRAS 456, 485–499 (2016)Downloaded from https://academic.oup.com/mnras/article-abstract/456/1/485/1068024
by University of Western Australia user
on 22 February 2018

St
an

w
ay

 e
t 

al
. (

20
16

)

massive stars are primarily forming in pairs

low-metalicity binaries emit far more photons• are very massive

• should have zero metalicities



Intergalactic Medium

§ reionising the Universe – (first) galaxies

M31

MW

Virgo

Fornax

5 h−1 Mpc

cosmic effects of first objects



Intergalactic Medium

§ reionising the Universe - Cosmic Dawn simulation (Ocvirk et al. 2016)

M31

MW

Virgo

Fornax

5 h−1 Mpc

cosmic effects of first objects



Intergalactic Medium

§ reionising the Universe - Cosmic Dawn simulation (Ocvirk et al. 2016)

M31

MW

Virgo

Fornax

5 h−1 Mpc

cosmic effects of first objects



Intergalactic Medium

§ the Ly-a forest

§ cosmic reionisation

§ the warm-hot intergalactic medium



Intergalactic Medium the warm-hot intergalactic medium

LETTER
https://doi.org/10.1038/s41586-018-0204-1

Observations of the missing baryons in the warm–
hot intergalactic medium
F. Nicastro1,2*, J. Kaastra3, Y. Krongold4, S. Borgani5,6,7, E. Branchini8, R. Cen9, M. Dadina10, C. W. Danforth11, M. Elvis2, F. Fiore1, 
A. Gupta12, S. Mathur13, D. Mayya14, F. Paerels15, L. Piro16, D. Rosa-Gonzalez14, J. Schaye17, J. M. Shull11, J. Torres-Zafra18,  
N. Wijers17 & L. Zappacosta1

It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
+15 %4

8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
+15 4

8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
+15 %4

8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
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8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 
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8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
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12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
+15 4

8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
+15 %4

8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
+15 4

8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
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8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .
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WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 
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8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −
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still leaves us with a large −
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12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .
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WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
+15 %4

8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 

1Istituto Nazionale di Astrofisica (INAF), Osservatorio Astronomico di Roma, Rome, Italy. 2Harvard–Smithsonian Center for Astrophysics, Cambridge, MA, USA. 3SRON Netherlands Institute for 
Space Research, Utrecht, The Netherlands. 4Instituto de Astronomia Universidad Nacional Autonoma de Mexico, Mexico City, Mexico. 5Physics Department, University of Trieste, Trieste, Italy. 
6INAF—Osservatorio Astronomico di Trieste, Trieste, Italy. 7Istituto Nazionale di Fisica Nucleare (INFN)—Sezione di Trieste, Trieste, Italy. 8Physics Department, University of Roma Tre, Rome, Italy. 
9Department of Astrophysical Science, Princeton University, Princeton, NJ, USA. 10INAF—Osservatorio di Astrofisica e Scienza dello Spazio di Bologna, Bologna, Italy. 11Department of Astrophysical 
Science, University of Colorado, Boulder, CO, USA. 12Columbus State Community College, Columbus, OH, USA. 13Ohio State University, Columbus, OH, USA. 14Instituto Nacional de Astrofísica, 
Óptica y Electrónica, Puebla, Mexico. 15Department of Astronomy, Columbia University, New York, NY, USA. 16INAF - Istituto di Astrofisica e Planetologia Spaziali, Rome, Italy. 17Leiden Observatory, 
Leiden, The Netherlands. 18Instituto de Astrofísica de La Plata (IALP-UNLP), La Plata, Argentina. *e-mail: fabrizio.nicastro@oa-roma.inaf.it

Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
+15 4

8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.

4 0 6  |  N A T U R E  |  V O L  5 5 8  |  2 1  J U N E  2 0 1 8
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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observed baryons only account for ~45% of all available baryons

where are the missing baryons?

absolute relative
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Intergalactic Medium the warm-hot intergalactic medium

Hydrogen

< T <105K 107K

?

difficult to detect:

emission/absorpion of UV and low-energy X-rays!?

possibly hidden in filamentary structure of the Universe*
(Cen & Ostriker 1999)

*based upon performing full physics cosmological simulations and simply looking for them...

...but where to look for them?
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Cosmological Simulations
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Figure 18. Projections through the full simulation box of run 50_1024_2 at z = 0 of mass-weighted mean baryon overdensity (top left), mass-weighted mean
temperature (top right), and O vi number density, with fO vi calculated assuming CIE (bottom left) and including photoionization (C+P, bottom right). Projections are
constructed by summing the values in all grid cells along the line of sight. For weighted projections, each pixel in the image is calculated as

∑
i

miwi/
∑
i

wi , where

mi is the projected quantity and wi is the weighting quantity. For more information, see Turk et al. (2011).
(A color version of this figure is available in the online journal.)

we find nH ∝ N0.5
O vi. The slope of this increase is signif-

icantly steeper with the CIE model. At the minimum col-
umn density measured, the average gas density associated
with O vi absorbers from the CIE model is approximately
1.5 orders of magnitude lower than with the C+P model. For
NO vi > 1015 cm−2, the associated gas density is roughly similar
for both models, with nH ≈ 4.5×10−5 cm−3 or δH ≈ 240. With
WMAP-7 parameters, Ωbh

2 = 0.02260 ± 0.00053, the baryon
density ρb and corresponding hydrogen number density nH can
be written as

ρb = (4.26 × 10−31 g cm−3)(1 + z)3 δH,

nH = (1.90 × 10−7 cm−3)(1 + z)3 δH , (6)

where δH is the overdensity factor.

The spatial difference between O vi in the CIE model and
the C+P model is made clear in Figure 18, where we show
projections through the full simulation box at z = 0 of mass-
weighted mean baryon density and temperature, along with O vi
column density, using both fO vi models for run 50_1024_2.
With the CIE model, O vi exists spatially much further from
collapsed structures, where the gas temperature is in the optimal
range for O vi. However, with the C+P model, gas that would
have a high fO vi in CIE is instead photoionized to higher
ionization states. In this case, O vi is confined primarily to IGM
filaments.

With the CIE model, the metallicity of O vi absorbers is
relatively independent of column density and consistent with
Z = Z⊙ up to NO vi ≈ 1015 cm−2. With the C+P model
the metallicity rises with column density from ∼10−1 Z⊙ at

16

(Smith et al. 2011)

w/ UV backgroundw/o UV background

Cosmological Simulations
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Figure 18. Projections through the full simulation box of run 50_1024_2 at z = 0 of mass-weighted mean baryon overdensity (top left), mass-weighted mean
temperature (top right), and O vi number density, with fO vi calculated assuming CIE (bottom left) and including photoionization (C+P, bottom right). Projections are
constructed by summing the values in all grid cells along the line of sight. For weighted projections, each pixel in the image is calculated as

∑
i

miwi/
∑
i

wi , where

mi is the projected quantity and wi is the weighting quantity. For more information, see Turk et al. (2011).
(A color version of this figure is available in the online journal.)

we find nH ∝ N0.5
O vi. The slope of this increase is signif-

icantly steeper with the CIE model. At the minimum col-
umn density measured, the average gas density associated
with O vi absorbers from the CIE model is approximately
1.5 orders of magnitude lower than with the C+P model. For
NO vi > 1015 cm−2, the associated gas density is roughly similar
for both models, with nH ≈ 4.5×10−5 cm−3 or δH ≈ 240. With
WMAP-7 parameters, Ωbh

2 = 0.02260 ± 0.00053, the baryon
density ρb and corresponding hydrogen number density nH can
be written as

ρb = (4.26 × 10−31 g cm−3)(1 + z)3 δH,

nH = (1.90 × 10−7 cm−3)(1 + z)3 δH , (6)

where δH is the overdensity factor.

The spatial difference between O vi in the CIE model and
the C+P model is made clear in Figure 18, where we show
projections through the full simulation box at z = 0 of mass-
weighted mean baryon density and temperature, along with O vi
column density, using both fO vi models for run 50_1024_2.
With the CIE model, O vi exists spatially much further from
collapsed structures, where the gas temperature is in the optimal
range for O vi. However, with the C+P model, gas that would
have a high fO vi in CIE is instead photoionized to higher
ionization states. In this case, O vi is confined primarily to IGM
filaments.

With the CIE model, the metallicity of O vi absorbers is
relatively independent of column density and consistent with
Z = Z⊙ up to NO vi ≈ 1015 cm−2. With the C+P model
the metallicity rises with column density from ∼10−1 Z⊙ at

16

(Smith et al. 2011)
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Figure 18. Projections through the full simulation box of run 50_1024_2 at z = 0 of mass-weighted mean baryon overdensity (top left), mass-weighted mean
temperature (top right), and O vi number density, with fO vi calculated assuming CIE (bottom left) and including photoionization (C+P, bottom right). Projections are
constructed by summing the values in all grid cells along the line of sight. For weighted projections, each pixel in the image is calculated as

∑
i

miwi/
∑
i

wi , where

mi is the projected quantity and wi is the weighting quantity. For more information, see Turk et al. (2011).
(A color version of this figure is available in the online journal.)
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.

Numerical simulations in the framework of the commonly accepted 
(ΛCDM) cosmological paradigm predict that, starting at a redshift of 
z ≈ 2 and during the continuous process of structure formation, diffuse 
baryons in the intergalactic medium (IGM) condense into a filamen-
tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
observable metal ion tracers are O vi (with main transitions in the far 
ultraviolet; FUV) and C v (with transitions in the soft X-rays); (2) a hot 
phase with T ≈ 105.7–106.3 K, where fHI ≈ 10−6–10−7, and O vii (with 

transitions in the soft X-rays) largely dominates metals with ion frac-
tions near unity; and (3) an even hotter phase (T ≈ 106.3–107 K), coin-
ciding with the outskirts of massive virialized groups and clusters of 
galaxies, where H i and H-like metals are present only in traces9. The 
warm phase of the WHIM has indeed been detected and studied in 
detail in the past few years and is estimated to contain an additional 

−
+15 %4

8  fraction of the baryons (for example, see refs 1,2 and references 
therein; Table 1). This brings the total detected fraction to −

+61 %12
14 , but 

still leaves us with a large −
+(39 %)14

12  fraction of elusive baryons, which—
if theory is correct—should be searched for in the hotter phases of the 
WHIM. In particular, the diffuse phase at T ≈ 105.7–106.3 K should 
contain the vast majority of the remaining WHIM baryons, and it is 
traced by O vii. Optimal signposts for this WHIM phase are then the 
O vii Heα absorption lines; however, these are predicted to be relatively 
narrow (with a Doppler parameter thermal component 
bth(O) ≈ 20–46 km s−1), extremely shallow (rest-frame equivalent 
widths, EW ≲ 10 mÅ) and rare8,9. Such lines are unresolved by current 
X-ray spectrometers and need a signal-to-noise ratio per resolution 
element greater than or equal to ∼20 in the continuum to be detected 
at a single-line statistical significance (that is, before accounting for 
redshift trials; see Methods) exceeding ∼3σ. This requires multi-mil-
lion-second exposures against the brightest possible targets that are 
available at sufficiently high redshift (z ≳ 0.3).

Here we report on the longest observation performed with the X-ray 
multi-mirror mission (XMM)-Newton reflection grating spectrometer 
(RGS) on a single continuum target, the brightest X-ray blazar 
1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
spectrum makes it a goldmine for X-ray absorption-line studies 
(see Methods and Extended Data Figs. 1 and 2). We detect a number 
of unresolved absorption lines in both RGS units (RGS1 and RGS2) 
and at single-line statistical significance exceeding 2.7σ−3σ. 
(Throughout the paper, we report ranges of statistical significance, 
where the upper boundary is the actual measured single-line statistical 
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Table 1 | Cosmic baryon census at z < 0.5
Ωbh2 Ω Ω/b b

Plank

Stars in galaxies 0.0015 ± 0.0004 (7 ± 2)%
Cold gas in galaxies 0.00037 ± 0.00009 (1.7 ± 0.4)%
Galaxies’ hot disks/haloes 0.0011 ± 0.0007 (5 ± 3)%
Hot ICM 0.00088 ± 0.00033 (4.0 ± 1.5)%
Photoionized Lyman α forest 0.0062 ± 0.0024 (28 ± 11)%
WHIM with 105 K ≤ T < 105.7 K . − .

+ .0 0033 0 0009
0 0018

−
+15 4

8%

WHIM with 105.7 K ≤ T < 106.2 K >0.002 and <0.009 >9% and <40%

Total >0.013 and < 0.026 >59% and <118%
Ωb, baryon density; Ωb

Plank, total baryon density measured by the Planck satellite.
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It has been known for decades that the observed number of baryons 
in the local Universe falls about 30–40 per cent short1,2 of the total 
number of baryons predicted3 by Big Bang nucleosynthesis, as 
inferred4,5 from density fluctuations of the cosmic microwave 
background and seen during the first 2–3 billion years of the 
Universe in the so-called ‘Lyman α forest’6,7 (a dense series of 
intervening H i Lyman α absorption lines in the optical spectra 
of background quasars). A theoretical solution to this paradox 
locates the missing baryons in the hot and tenuous filamentary gas 
between galaxies, known as the warm–hot intergalactic medium. 
However, it is difficult to detect them there because the largest 
by far constituent of this gas—hydrogen—is mostly ionized and 
therefore almost invisible in far-ultraviolet spectra with typical 
signal-to-noise ratios8,9. Indeed, despite large observational efforts, 
only a few marginal claims of detection have been made so far2,10. 
Here we report observations of two absorbers of highly ionized 
oxygen (O vii) in the high-signal-to-noise-ratio X-ray spectrum 
of a quasar at a redshift higher than 0.4. These absorbers show no 
variability over a two-year timescale and have no associated cold 
absorption, making the assumption that they originate from the 
quasar’s intrinsic outflow or the host galaxy’s interstellar medium 
implausible. The O vii systems lie in regions characterized by large 
(four times larger than average11) galaxy overdensities and their 
number (down to the sensitivity threshold of our data) agrees well 
with numerical simulation predictions for the long-sought warm–
hot intergalactic medium. We conclude that the missing baryons 
have been found.
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z ≈ 2 and during the continuous process of structure formation, diffuse 
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tary web (with electron densities of ne ≈ 10−6–10−4 cm−3) and undergo 
shocks that heat them up to temperatures of T ≈ 105–107 K, making the 
by-far-largest constituent of the IGM, hydrogen, mostly ionized8,9. At 
the same time, galactic outflows powered by stellar and active galactic 
nucleus (AGN) feedback enrich the IGM baryons with metals12. How 
far from galaxies these metals roam depends on the energetics of these 
winds, but it is expected that metals and galaxies are spatially correlated.

This shock-heated, metal-enriched medium, known as the warm–
hot intergalactic medium (WHIM), is made up of three observationally 
distinct phases: (1) a warm phase, with T ≈ 105–105.7 K, where neutral 
hydrogen is still present with an ion fraction of fHI > 10−6, and the best 
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1ES 1553+113, with z > 0.4 (see Methods). The quality of this RGS 
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the missing baryons have been found!?
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