
The Intergalactic Medium (IGM)
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• Constituents – WHIM, CGM, ICM, etc.
• Baryon budget
• Why is most of the IGM so hot?

(Millenium Simulation, Springel et al. 2005, Nature, 435, 629)



We live in a ΛCDM (accelerating) Universe.
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Evidence:
• Accelerating expansion of the Universe (Type Ia SN).
• Abundances of H, Deuterium, He, and Li.
• Structure of Cosmic Microwave Background (CMB).
• Agreement between models and observations (e.g., 

SDSS survey) of large-scale structure.



Baryon Budget at z ≈ 0
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In this article, we first review the past decade of efforts in detecting the missing
baryons in the warm hot intergalactic medium and summarize the current state of
the art by updating the baryon census and physical state of the detected baryons in
the local Universe. We then describe observational strategies that should enable a
significant step forward in the next decade, while waiting for the step-up in quality
offered by future missions. In particular, we design a multi-megasecond and mul-
tiple cycle XMM-Newton legacy’ program (which we name the Ultimate Roaming
Baryon Exploration, or URBE), aimed at securing detections of the peaks in the den-
sity distribution of the Universe of missing baryons over their entire predicted range
of temperatures.
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1 INTRODUCTION

At some point in the history of the Universe, baryons got lost.
They were present and countable at the surface of last scat-
tering (z= 1,000), when the Universe was only 380,000 years
old (Ade et al. 2015; Komatsu et al. 2009), and they were
again there 2 billions years later (z= 3), mostly in the Ly𝛼
Forest (Rauch 1998; Weinberg 1997). However, over the next
11 billion years, we have lost track of about half of them.
During this complicated and restless puberty of the Universe,
structures began forming copiously, and baryons started shin-
ing in stars, in the intra-cluster medium and in active galactic
nuclei (AGNs), becoming more and more directly visible and
so countable. Yet, today we can only account for < 60% of
the predicted baryons; that is > 40% of the baryons are now
missing (e.g., Fukugita 2003; Shull et al. 2012; Figure 1).

What is perhaps even more embarrassing, today (z≃ 0)
baryons are missing on two very different scales, from the
cosmological all the way down to the galactic: most galaxies
fall short of baryons when their measurable baryonic frac-
tion is compared with the universal baryon to total mass ratio
(e.g., Ade et al. 2015) (Figure 2). The problem is more severe
for smaller galaxies, which suggests that lower potential well
halos fail to retain baryons during mergers and/or bursts of
star formation activity (e.g., Bell et al. 2003; McGaugh et al.

Missing Baryons

WHIM
(5.0<logT<5.5)

Photoinized 
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FIGURE 1 Baryon budget in the Universe, at z= 0. The actual percentage
of baryons still missing (blue slice) could be as high as ≃ 50%. The
5.0<logT<5.5 WHIM (green slice) includes the WHIM independently
detected (and double counted, see Section 3.1.1) in OVI and HI Ly𝛼 (Shull
et al. 2012) and the cool X-ray WHIM (see Section 3.1.1).

2010). If so, these baryons should be found in the galaxy cir-
cumgalactic medium (CGM), at or even beyond their virial
radii.
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(Nicastro+, 2016, Astronomische Nachrichten, 338, 281) 

• Up to ~1/2 of the baryons seen in the CMB are missing in 
today’s Universe

       à likely hiding in Warm/Hot IGM (WHIM) and or CGM.

Stars in galaxies

(Circumgalactic medium)

(Intracluster medium)
(mostly in galaxies)



1) Lyα Forest (Diffuse IGM)
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• Seen as narrow Lyα absorption lines in quasars at zabs < zemis.
• Intervening low-column clouds in the IGM (NH ≈ 1014 – 1015 cm-2)
• T ≈ 104 K, Z (metallicity) ≈  0.1
• Discrete IGM clouds photoionized at the epoch of reionization at   

6 < z < 20 (150 million to one billion years after the Big Bang).

QSO1422+23, z(emis) = 3.62

(Rauch, 1998, ARAA, 36, 267)
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Gunn-Peterson Effect (Trough)
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• Total absorption of Lyman absorption at z = 6.2 (and lack of trough at 
z = 5.8) indicates end of reionization epoch at z ≈ 6.
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2) Circumgalactic Medium (CGM)

(Peterson, 1997, An Introduction to AGN, p. 201)

• ”Metal” lines seen in quasars at zabs < zemis from intervening galaxies.
• Also known as “damped Lyα” systems due to their higher columns
• Low-ionization (C II, Si II, etc.) lines from galactic disks.
• High-ionization lines (C IV, N V, O VI, etc.) from galactic halos (CGM)
• CGM is photo- & collisionally ionized: T ≈ 104.5 – 6 K, nH ≈ 10-4 to -6  cm-3
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CGM Dynamics

Tumlinson+, 2017, ARAA, 55, 389



CGM Observations
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Quasar absorption lines

Host galaxy illuminated absorption lines Hot phase (O VI, O VII) emission in FUV, X-rays 

Tumlinson+, 2017, ARAA, 55, 389



Hot CGM – Milky Way
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The Astrophysical Journal Letters, 756:L8 (6pp), 2012 September 1 Gupta et al.

Table 1
Summary of the Targets Used in This Investigation

Target l b Redshift Exposure
(deg) (deg) z (ks)

Mrk290 91.48 47.95 0.0304 250
PKS2155-304 17.73 −52.24 0.1160 530
Mrk421 179.83 65.03 0.0300 720
Mrk509 35.97 −29.86 0.0344 460
3C382 61.30 17.44 0.0579 120
Ark564 92.13 −25.33 0.0247 250
NGC 3783 287.45 22.94 0.0097 905
H2106-099 40.26 −34.93 0.0265 100

and ACIS/LETG observations, we co-added the negative and
positive first-order spectra and built the effective area files
(ARFs) for each observation using the fullgarf CIAO script.
Those pertaining to the ACIS/LETG observations were cor-
rected for the ACIS quantum efficiency degradation. Unlike
ACIS, the High Resolution Camera (HRC) does not have the
energy resolution to sort individual orders, and each spectrum
contains contributions from all the diffraction orders. For the
HRC/LETG observations, we used the standard ARF files for
orders 1–6 and convolved them with the relevant standard redis-
tribution matrix file. For the targets with multiple observations,
we added the grating spectra and averaged the associated ARFs
using the CIAO script add_grating_spectra, to increase the
S/N of the spectra. We only add the observations with the same
instrumental configuration and the observations made with dif-
ferent instruments are analyzed separately.

Of the 50 sight lines initially selected, 29 have a good
enough S/N near 21.602 Å to detect O vii absorption lines.
The strong O vii Kα absorption lines near 21.602 Å are clearly
visible in 21 out of 29 sources with good S/N spectra; thus the
covering fraction of the O vii systems is 21/29 = 0.72. In 30%
of the sources, significant O viii Kα lines near 18.967 Å are
also observed. Here we consider a subsample of eight targets
(Table 1), where both O vii and O viii Kα local absorption has
been confidently detected (we have not included 3C273 in this
sample of 29 sources because the z = 0 absorption lines in
this sight line might be from a nearby supernova remnant). The
detailed analysis of the complete sample will be presented in a
forthcoming paper (A. Gupta et al. 2012, in preparation). The
local (z ∼ 0) O vii and O viii absorption lines in three of our
eight targets have been reported previously by other authors, but
to ensure the consistency of data analysis, we reanalyzed all the
data and obtained the fit results independently; for the other five
targets we present new detections of z ∼ 0 lines.

3. ANALYSIS

3.1. Continuum, Intrinsic Absorption, and Emission

The HETG and LETG spectra are binned to 0.01 Å and
0.025 Å, respectively, and analyzed using the CIAO fitting
package Sherpa. Since we are interested in oxygen absorption
lines we fit the spectral continuum in the 17–23 Å range with a
simple power law and a Galactic absorbing column density (NH,
from Dickey et al. 1990). For the targets Mrk290 and NGC 3783
we need to add a blackbody component to account for the soft
excess, that could come from a standard optically thick accretion
disk. In our sample, the photon index of the power law varies
from 1.4 to 2.1 with average value of 2.0.

21.5 21.6 21.7 21.5 21.6 21.7

Figure 1. Normalized flux at the location of the O vii line at 21.602 Å.

Our targets are nearby Type 1 AGNs, which have their own
intrinsic absorption and emission features. We carefully study
all the spectra to confirm that none of the AGN intrinsic features
contaminate the local (z = 0) absorption lines. Except for one
source, NGC 4051, the intrinsic lines are sufficiently redshifted
that they do not contaminate the local O vii and O viii absorption
lines. For this reason we do not include NGC 4051 in our
final sample. We then modeled all the statistically significant
AGN intrinsic absorption and emission features with Gaussian
components.

3.2. Local (z ∼ 0) Absorption

After fitting the continuum and intrinsic features as described
above, the local O vii and O viii Kα absorption lines were
detected with !3σ and !2σ significance levels, respectively.
In six sources, we also detected the O vii Kβ absorption line
near 18.62 Å. We fit these lines in Sherpa with narrow Gaussian
features. Since with Chandra gratings (FWHM = 0.05 Å for
low energy grating and FWHM = 0.023 Å for medium energy
grating) the lines are unresolved, we fixed the line width to
1 mÅ. Errors were calculated using the projection command in
Sherpa, allowing the overall continuum normalization to vary
along with all parameters for each line. For the observations with
no detection of O vii Kβ, we fixed the line centroid at 18.629 Å
and obtained the upper limits on equivalent widths (EW). The
best-fit line EWs and statistical uncertainties are given in Table 2
and the spectra are shown in Figure 1.

3.3. Column Density Measurement

For optically thin gas, the ionic column density depends
simply on the observed EW: N (ion) = 1.3 × 1020(EW/f λ2),
where N (ion) is the ionic column density (cm−2), EW is
the equivalent width (Å), f is the oscillator strength of the
transition, and λ is in Å. However, at the measured column
densities of N(O vii), saturation could be an important issue as
suggested by simulations (Chen et al. 2003) and observational
studies of Mrk421 (Williams et al. 2005). Therefore to correctly
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• Chandra X-ray spectra of AGN show O VII absorption at z ~ 0.
• T ≈ 106 K, n(H) ≈ 10-4 cm-3 à hot gas around MW up to ~100 kpc.
• Most other galaxies in groups likely have hot halos.
• Is there a substantial intragroup medium? (hiding some of the missing mass)

(Gupta, 2012, ApJ, 756, L8.)



Stephan’s Quintet – Compact Group
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Stephan’s 
Quintet

• NGC 7317, 7318A, 
& 7319: core of the 
group

• NGC 7319: AGN

• NGC 7320: 
foreground galaxy

• NGC 7318B: 
entering the group

NGC 7319
6747 km/s

NGC 7318B
5774 km/s

NGC 7320
786 km/s

Bridge

NGC 7318A
6630 km/s

NGC 7317
6599 km/s

2Velocities: Yttergren et al. 2021

JWST

• NGC 7318B creates shock front in intragroup medium
     (https://chandra.harvard.edu/photo/2009/stephq/)
• Unclear how much gas there is outside of shock.

https://chandra.harvard.edu/photo/2009/stephq/
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3) Intracluster Medium (ICM)
• Virgo: nearest rich cluster at ~ 16 Mpc
• Home of cD galaxy (and AGN) M87 in core
• Relatively loose and irregular in shape
• Kinematics: infalling galaxies at edges – still growing

Chandra X-ray Image HST Visible Image
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Intracluster Medium (ICM)

• X-ray observations: hot (T = 107 to 108 K) intracluster gas
– 3 to 6 times the stellar mass.
– Cooling is primarily due to bremsstrahlung radiation.
– Likely comes from WHIM (cosmic web).
à ongoing collapse of large-scale structure on these scales

• Z ≈ 1/3 Z� à enrichment from galactic outflows
• Ram pressure as galaxies move through cluster gas

– Strips neutral gas in spirals, hot gas in E’s; pushes back 
radio lobes
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3C 465 in Abell 2634

VLA 4.9 GHz image
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• X-ray missions (Einstein, ROSAT) discovered hot (T ≈ 107 K) gas in nearby 
giant Es (now studied with Chandra and XMM).

• Gas is almost completely ionized – cooled by bremsstrahlung, H- and He- 
like emission lines from recombination.

• Fueled by ICM.
Cooling curve for gas with solar composition and nH = 1 cm-3 

solid – luminosity density, dashed – cooling time

Hot Gas in Giant Ellipticals (and cD Galaxies)
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Why is the gas so hot?

• Gas clouds are on random orbits like their progenitor stars
• Collisions between gas clouds:

2
2 6

p -1kT m  T 6 x 10   K
300 km s

σ⎛ ⎞= σ → = ⎜ ⎟⎝ ⎠

• The cooling time is: tcool ≈ nH
-1 T½ at these high temperatures.

• At centers of giant E’s, the gas may be dense (nH = 0.1 cm–3) 
enough to cool in ~ 1 Gyr à new star formation in core

• However, cooling flows are rarely observed.
    à gas likely heated by AGN feedback.
• Above equation applies to gas and galaxies moving in ICM of 

rich clusters at ~1000 km s-1.
    à Gas Temperatures up to ~108 K
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ASCA X-ray Spectrum of Hot Gas around M87

(Sparke & Gallagher, p. 272)

- H and He-like emission lines in addition to bremmstrahlung
- Z = 0.5 Z� à material ejected by RG and AGB stars
                           ( 1 – 2 M� yr-1 per 1010 L�)



XRISM Observations of ICM
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4) Warm/Hot Intergalactic Medium (WHIM)
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• Predicted by cosmological simulations to have web-like structure 
at T = 105 – 7 K.

• Still streaming into galaxy clusters and groups at z ≈ 0.
• Likely contains ~1/2 of the baryons in the Universe.



Warm WHIM – Detected
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FUSE + HST/STIS observations of quasar PG 1259+593

(Richter+ 2004, ApJS, 153, 165

• WHIM warm phase: T ≈ 105 – 5.5 K,  detected in O VI absorption
• 15% of baryons in Universe
• Above: 6 intervening (IGM) detections of O VI

(at 0 km s!1) is log N (H i) ¼ 15:25 # 0:06 (COG method;
see Table 3 for details on the individual methods), thus being
the second strongest IGM absorber toward PG 1259+593.
From a Voigt profile fit of the Ly! line we obtain b ¼ 32:3#
1:4 km s!1, implying T $ 6:3 ; 104 K. The logarithmic col-
umn densities of C iii (ionization potential is %48 eV) and O iii
(ionization potential is %55 eV) are 13:62 # 0:13 (Voigt
profile fit) and 13:82 # 0:06 (AOD method), respectively. For
O iv we derive a column density of logN (O iv) ¼ 14:27#
0:05 (AOD method). Unresolved saturations may affect the
C iii and O iv absorption, so that the true values of N(C iii)
and N(O iv) could be somewhat larger than those listed. The
Si iii absorption at z ¼ 0:21949 is weak and relatively narrow.
From a profile fit we obtain log N (Si iii) ¼ 12:04 # 0:07 and
b ¼ 7:9 # 2:0 km s!1 (see Table 3). N iv absorption is mar-
ginally detected at a 1.9 " level near 933 8, thus in a region
where the FUSE spectrum is relatively noisy. We derive a 3 "
upper limit for the N iv column density of logN (N iv) $
13:35. While the absorption of the intermediate ions (C iii,
O iii, Si iii, O iv, and N iv) is like H i centered at zero

velocities, the O vi shows a very different absorption pattern.
Two O vi absorption components are visible in the stronger
O vi k1031.9 line near 0 and !50 km s!1. The negative ve-
locity component possibly relates to the negative velocity
wing seen in the Ly# absorption. The weaker O vi k1037.6
line is consistent with this two-component structure. The
double-component O vi absorption is very symmetric, the
entire structure having a center velocity near !25 km s!1. It
could possibly be related to an expanding shell or a symmetric
outflow. A two-component Voigt profile fit yields identical
column densities for both components [log N (O vi) ¼ 13:68#
0:06], and very similar b-values (16:2 # 2:4 and 15:5#1:5 km
s!1; see also Table 3). The total O vi column density is
log N (O vi)&14:0. For pure thermal broadening, the indi-
vidual b-values correspond to temperatures of T & 2:5 ; 105

and 2:3 ; 105 K, respectively, thus very close to the peak
temperature for O vi in collisional ionization equilibrium
(2:8 ; 105 K; Sutherland & Dopita 1993).
With the simultaneous occurrence of O iii, O iv, and O vi it

is of interest to see if the main absorption component in this

Fig. 2f
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In this article, we first review the past decade of efforts in detecting the missing
baryons in the warm hot intergalactic medium and summarize the current state of
the art by updating the baryon census and physical state of the detected baryons in
the local Universe. We then describe observational strategies that should enable a
significant step forward in the next decade, while waiting for the step-up in quality
offered by future missions. In particular, we design a multi-megasecond and mul-
tiple cycle XMM-Newton legacy’ program (which we name the Ultimate Roaming
Baryon Exploration, or URBE), aimed at securing detections of the peaks in the den-
sity distribution of the Universe of missing baryons over their entire predicted range
of temperatures.
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1 INTRODUCTION

At some point in the history of the Universe, baryons got lost.
They were present and countable at the surface of last scat-
tering (z= 1,000), when the Universe was only 380,000 years
old (Ade et al. 2015; Komatsu et al. 2009), and they were
again there 2 billions years later (z= 3), mostly in the Ly𝛼
Forest (Rauch 1998; Weinberg 1997). However, over the next
11 billion years, we have lost track of about half of them.
During this complicated and restless puberty of the Universe,
structures began forming copiously, and baryons started shin-
ing in stars, in the intra-cluster medium and in active galactic
nuclei (AGNs), becoming more and more directly visible and
so countable. Yet, today we can only account for < 60% of
the predicted baryons; that is > 40% of the baryons are now
missing (e.g., Fukugita 2003; Shull et al. 2012; Figure 1).

What is perhaps even more embarrassing, today (z≃ 0)
baryons are missing on two very different scales, from the
cosmological all the way down to the galactic: most galaxies
fall short of baryons when their measurable baryonic frac-
tion is compared with the universal baryon to total mass ratio
(e.g., Ade et al. 2015) (Figure 2). The problem is more severe
for smaller galaxies, which suggests that lower potential well
halos fail to retain baryons during mergers and/or bursts of
star formation activity (e.g., Bell et al. 2003; McGaugh et al.

Missing Baryons

WHIM
(5.0<logT<5.5)

Photoinized 

Galaxies

FIGURE 1 Baryon budget in the Universe, at z= 0. The actual percentage
of baryons still missing (blue slice) could be as high as ≃ 50%. The
5.0<logT<5.5 WHIM (green slice) includes the WHIM independently
detected (and double counted, see Section 3.1.1) in OVI and HI Ly𝛼 (Shull
et al. 2012) and the cool X-ray WHIM (see Section 3.1.1).

2010). If so, these baryons should be found in the galaxy cir-
cumgalactic medium (CGM), at or even beyond their virial
radii.

Astron. Nachr. / AN. 2017;338:281–286 www.an-journal.org © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 281



Hot WHIM – Detected?
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LETTER RESEARCH

significance, whereas the lower boundary is the measured significance, 
conservatively corrected for observed systematic errors in the RGS 
spectrum; see Methods and Extended Data Fig. 3). Particularly, two of 
these lines are seen at significances of 4.1σ−4.7σ (Figs. 1a) and 
3.7σ−4.2σ (Fig. 2b) at wavelengths where no Galactic absorption is 
expected and no instrumental feature is present (Extended Data Fig. 2; 

see Methods). We attribute these lines to intervening O vii Heα absorb-
ers at redshifts of = . ± .z 0 4339 0 00081

X  (hereafter, System 1) and 
= . − .

+ .z 0 35512
X

0 0015
0 0003 (System 2) (Extended Data Table 1). Their statistical 

significances decrease to 3.5σ−4σ and 2.9σ−3.7σ, respectively, after 
accounting for the number of redshift trials (see  Methods). 
Interestingly, a lower-significance (1.7σ−2σ) absorption line can be 
modelled at the wavelength where the O vii Heβ line for System 1 is 
expected (Fig. 1b, Extended Data Figs. 1, 2), which increases the ‘true’ 
statistical significance of System 1 to 3.9σ−4.5σ (see Methods).

Given the proximity of our two systems with the upper limit z ≲ 0.48 
that we estimate for the redshift of our target (see Methods), we cannot 
rule out that these two systems are imprinted by material intrinsic to 
the blazar environment that outflows from this environment at speeds 
lower than 0.05c–0.12c, where c is the speed of light. However, a num-
ber of reasons make this scenario implausible (see Methods, Extended 
Data Fig. 4 and Extended Data Table 2 for details). The identification 
of System 1 and System 2 as genuine WHIM/circumgalactic medium 
(CGM) systems seems much more reasonable.

By modelling the X-ray data with our hybrid-ionization models 
(see Methods), we estimate the temperatures T( )X  and the oxygen 
N( )O

X and equivalent H (NH
X; modulo metallicity) column densities for 

System   1 and System   2. We obtain = . ×− .
+ .T (6 8 ) 10 K1

X
3 6
9 6 5 , 

= . ×− .
+ .N (7 8 ) 10O,1

X
2 4
3 9 15 , = . / ×− .

+ . − −
⊙N Z Z(1 6 )( ) 10 cmH,1

X
0 5
0 8 1 19 2  for 

System 1 and = . ×− .
+ .T (5 4 ) 10 K2

X
1 7
9 0 5 , = . ×− .

+ .N (4 4 ) 10O,2
X

2 0
2 4 15  and 

= . / ×− .
+ . − −

⊙N Z Z(0 9 )( ) 10 cmH,2
X

0 4
0 5 1 19 2  for System 2, where Z is the 

metallicity and Z⊙ denotes the metallicity of the Sun.
For both systems, these quantities are in good agreement with pre-

dictions for the hot phase of the WHIM8,9,12. Moreover, the number of 

0.8

0.9

1

1.1

1.2a

0.42 0.43 0.44 0.45
0.8

0.9

1

1.1

1.2
b

Redshift

Galactic
N I Kα

O VII Heβ

O VII Heα

D
at

a/
m

od
el

1.7V–2V

4.1V–4.7V

Fig. 1 | Intervening absorber at = .  ± .z 0 4339 0 00081
X . a, b, Ratios of 

XMM-Newton RGS1 and RGS2 spectra of the blazar 1ES 1553+113 with 
their local best-fitting continuum model, showing the two O vii Heα (a) 
and Heβ (b) absorption lines that identify System 1 at a ‘true’ statistical 
significance of 3.9σ–4.5σ (these statistical significance boundaries 
correspond to Gaussian probabilities of chance detection of P = 4.8 × 10−5 
and P = 3.4 × 10−6, respectively). Shaded blue regions indicate the lines 
detected in the X-ray region. Hatched blue intervals in the line histograms 
represent ±1σ errors (statistical plus 2% systematic errors). Black curves 
are best-fitting Gaussians folded through the instrumental RGS line spread 
function.
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but showing the results for an O vii Heα absorber (a) and two H i Lyα (b) 
and Lyβ (c) absorbers only ∼750 km s−1 apart and both at redshifts 
consistent with the X-ray System 2. The X-ray absorber has a ‘true’ 
statistical significance of 2.9σ–3.7σ; these statistical significance 
boundaries correspond to Gaussian probabilities of chance detection of 
P = 1.9 × 10−3 and P = 10−4, respectively. Neither of the two H i absorbers 
in b and c can be physically associated to the O vii Heα absorber (a), 
implying the presence of at least three co-located—but dramatically 
different physically— gaseous phases.
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O vii Heα Doppler parameter b = 100 km s−1 is used in the conversion 
from column density to EW.
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• WHIM hot phase: T ≈ 106 K,  detected in O VII absorption
• 9% – 40% of baryons in Universe (could be part or all of missing mass)
• WHIM in very hot phase (T ≈ 107 K) uncertain.
• Large area X-ray telescopes needed for O VII, O VIII absorption, emission
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In this article, we first review the past decade of efforts in detecting the missing
baryons in the warm hot intergalactic medium and summarize the current state of
the art by updating the baryon census and physical state of the detected baryons in
the local Universe. We then describe observational strategies that should enable a
significant step forward in the next decade, while waiting for the step-up in quality
offered by future missions. In particular, we design a multi-megasecond and mul-
tiple cycle XMM-Newton legacy’ program (which we name the Ultimate Roaming
Baryon Exploration, or URBE), aimed at securing detections of the peaks in the den-
sity distribution of the Universe of missing baryons over their entire predicted range
of temperatures.
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1 INTRODUCTION

At some point in the history of the Universe, baryons got lost.
They were present and countable at the surface of last scat-
tering (z= 1,000), when the Universe was only 380,000 years
old (Ade et al. 2015; Komatsu et al. 2009), and they were
again there 2 billions years later (z= 3), mostly in the Ly𝛼
Forest (Rauch 1998; Weinberg 1997). However, over the next
11 billion years, we have lost track of about half of them.
During this complicated and restless puberty of the Universe,
structures began forming copiously, and baryons started shin-
ing in stars, in the intra-cluster medium and in active galactic
nuclei (AGNs), becoming more and more directly visible and
so countable. Yet, today we can only account for < 60% of
the predicted baryons; that is > 40% of the baryons are now
missing (e.g., Fukugita 2003; Shull et al. 2012; Figure 1).

What is perhaps even more embarrassing, today (z≃ 0)
baryons are missing on two very different scales, from the
cosmological all the way down to the galactic: most galaxies
fall short of baryons when their measurable baryonic frac-
tion is compared with the universal baryon to total mass ratio
(e.g., Ade et al. 2015) (Figure 2). The problem is more severe
for smaller galaxies, which suggests that lower potential well
halos fail to retain baryons during mergers and/or bursts of
star formation activity (e.g., Bell et al. 2003; McGaugh et al.

Missing Baryons

WHIM
(5.0<logT<5.5)

Photoinized 

Galaxies

FIGURE 1 Baryon budget in the Universe, at z= 0. The actual percentage
of baryons still missing (blue slice) could be as high as ≃ 50%. The
5.0<logT<5.5 WHIM (green slice) includes the WHIM independently
detected (and double counted, see Section 3.1.1) in OVI and HI Ly𝛼 (Shull
et al. 2012) and the cool X-ray WHIM (see Section 3.1.1).

2010). If so, these baryons should be found in the galaxy cir-
cumgalactic medium (CGM), at or even beyond their virial
radii.
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