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• The Missing Baryon Problem  

• The Missing Baryons in a WHIM 
• From current to next generation 

X-ray spectrometers. 
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Where have all the baryons gone? 
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The Missing Baryons Problems 
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~ 30-50% of Baryons missing at z~0 

Ωb
Planck+15 = 0.0487 ~ 5% 
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McGaugh+10 

Ωm
planck+15 = 0.3156 è  fb = 0.154 

The Universe The Galaxies 

Missing Baryons

WHIM
(5.0<logT<5.5)

Photoinized 

Galaxies

Nicastro+16 
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The	Baryons	in	HD	Simulations	

Cen & Ostriker, 2006 
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85h-1 Mpc side  
109 particles  
z=0 
T=105-107 K 
Green=10-20 ρb 
Red~1000 ρb 

(21.2 x 21.2 x 1.75)h-1 Mpc 
Without (top) and with (bottom) GSWs 
Overdensity (left) Temperature (Right) 



Why do we care? 

Schaye et al. (2015)�
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The Baryon Phases in HDS 
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Differential Mass Fraction vs T 

Hybridly Ionized Gas (δ=50) 

T ≈ bHI
2 x 58 K  

105 K  107 K  

Cen & Ostriker 06 
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Emission Measure (EM): 
Product nb

2R 
 

Absorption Line Equivalent Widths: 
          Ion Column Densities:  Nion~nbR 

 
Equivalent Width Ratios:  

         Ionization Balance: T, nb 

The Observables	
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All the X-Ray Colors of the Milky Way 
ISM/CGM Spectrum(Real Data) 
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First Claimed WHIM Detections: 
Exceptional Outburst State  

(Nicastro+05, Nature, ApJ)  

+ 

€ 

Ωb (NOVII > 7∗1014 ) = 2.7−1.9
+3.8 ∗10−[O / H ]−1% ~ ΩMiss
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However:  
-  z(Mkn 421) only 0.03 
-  Mkn 421 outbursts are unique  

Controversial:  
-  Not confirmed by XMM 

(though consistent with; 
Rassmussen+07) 

-  Close to instrument 
systematics (Kaastra+06) 

OII Kβ 
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L78 E. Gatuzz, J. A. Garcı́a, and T. R. Kallman

Figure 2. Percentage contribution of the O II K β-L12 line to the total (O II

K β-L12 + O VI K α) EW. Black points are for sources where both O II

K β-L12 and O VI K α are measured. Red arrows are for sources where the
two lines have only upper limits.

the multiple channels for the Auger decay of the K vacancy states,
making difficult to estimate accurately the Auger damping. Also, as
was noted by Bizau et al. (2015), there is a discrepancy between the
theoretical and experimental values for the oscillator strengths and
line width for O II Kβ-L12, which has not been addressed. In the
case of saturated lines, given the dependence of the EW with the
broadening velocity vturb, there is a N(O VI)-vturb degeneracy which
can lead to under(over)estimation of the column density (up to one
of magnitude for vturb > 200 km s−1, see Draine 2011; Nicastro
et al. 2016a). UV data provides a good constraint on the velocity
because multiple transitions of the same ion can be modelled si-
multaneously, thus allowing the disentangling of such degeneracy
(Savage & Lehner 2006; Bowen et al. 2008). However, even when
the vturb value assumed in our model is within the broadening veloc-
ity found in UV studies (see, for example, Savage & Lehner 2006)
the mismatch between the column densities remains. With respect
to radiative excitation, as mentioned by Arav et al. (2003), electron
impact excitation and recombination may contribute to the O VI

emission, reducing the absorption from the ground state. But such
effect can only account for one-half factor of difference between
UV and X-ray, much lower than the discrepancy observed (Mathur
et al. 2017).

4 C O N C L U S I O N S

We have analysed the oxygen edge absorption region (18–24 Å)
using high-resolution X-ray spectra from 13 LMXBs and 29 ex-
tragalactic sources. Using the IGMabs model, we have estimated
column densities, ion by ion, required to fit all the absorption signa-
tures in the spectra. We have focused the analysis in the estimation
of N(O VI), which can be difficult due to contamination by the O II

K β-L12 absorption feature at 22.04 Å located close to the O VI K α

absorption line at 22.032 Å. N(O VI) was constrained for two Galac-
tic and two extragalactic sources from our sample. For the rest of the
sources, we report upper limits. We have found that for low N(O II),
the N(O VI) contribution is larger, a hint of the blending between
the line. However, this blending cannot be the entire solution for
the discrepancy between X-ray and UV measurements of N(O VI).
Other possibilities include atomic data calculation, saturation of
the lines, and radiative excitation; however, they cannot completely
solve the UV/X-ray discrepancy neither, which remains as an open
question. Finally, our findings highlight the need for an accurate
modelling of the absorption features associated to the local ISM

Figure 3. Oxygen edge absorption region for those sources in the sample
that have both X-ray and UV column density measurements. Red solid lines
correspond to the best-fit model obtained when N(O VI) is a free parameter
(see Table 1). Blue solid lines correspond to the fit obtained by fixing
N(O VI) to FUSE value and increasing N(O II) until modelling the ∼22.04
Å absorption line.

MNRASL 483, L75–L79 (2019)
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Confirmation of the line @ 21.85 Å 

OVI Kα2 ? 
OVII Kα  

(z=0.011) ? 

Mathur+16 show that line 
@22.02 Å is mostly due to OII 

Kβ2 with OVI Kα1 contributing at 
most 0.6 mÅ, so reconciling the 

OVI FUV-X-ray paradox.  
 
 

Gatuzz+18 instead fit line 
@22.02 Å as OVI Kα1, line at 
21.85 Å as an intrinsically very 

weak OVI Kα2 transition 
(f=0.0067), but doing so seriously 

underpredict the strongest OII 
Kβ1 line at 22.3 Å and does not 
solve X-ray FUV OVI paradox.  

 
In either case, line at 21.85 Å is 

confirmed 
 

We prefer Mathur+16 
explanation, with line at 21.85 Å 

being indeed intervening OVII Kα 
WHIM at z=0.011, as proposed 

by Nicastro+05 
OII Kβ1  

OII Kβ2  



Galaxy concentrations as WHIM tracers 
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Buote+09, Fang+10 

Right Ascension 
But: NOVII ~ 8 x 1016 cm-2 !!! 
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Detection of 2 WHIM Filaments 
 

(Nicastro et al., 2018, Nature, 558, 406)  



XMM-Newton Lightcurve of  
1ES 1553+113 
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1.85 Ms RGS: EW>4-5 mA @ >90% 
i.e. ~600 cts per R.E. 

Athena WHIM White Paper (Kaastra+13)  RGS Spectra of 1ES 1553+113 

The Hot and Energetic Universe: The missing baryons and the Warm-Hot Intergalactic Medium 
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Thanks to its unique combination of energy resolution, line sensitivity and imaging capabilities, the Athena+ X-
IFU can achieve all these goals by measuring the WHIM lines both in absorption against a bright distant source 
and in emission (Fig. 1). 

3.2. Absorption line studies 
Current results do not yet provide a convincing evidence for these baryons in X-ray absorption spectra (Nicastro et al. 
2013 and reference therein). Therefore our first, obvious goal is their unambiguous detection. Thanks to the large 
number of expected detections along many independent lines of sight, which minimize the impact of cosmic variance, 
these measurements can set strong constraints on the WHIM properties, whereas a non-detection would seriously 
undermine our scenario of baryonic structure formation.  

We envision a programme consisting of observations of about 25 AGN and 40 GRB afterglows, totaling about 7 Ms, 
and yielding about 200 filaments in 5 years. Pushing the resolution to 1 eV would improve the limiting sensitivity, 
dominated by systematics, more than doubling the detection rate with a 50% increase in the total time. 

The power of this programme is illustrated in Fig. 2 in which the expected O VII line counts as a function of equivalent 
width (EW) accumulated in 5 years (black dots) are superimposed on theoretical predictions (colored band). The 
width of the band indicates the current spread in theoretical predictions, while different colors highlight the EW 
regions accessible to Athena+ assuming different energy resolutions of the X-IFU.  Thanks to the small errors driven by 
Poisson noise, simple line counts will be able to discriminate efficiently among different models, including the pre-
enrichment scenarios advocated to justify the large metal abundance the cluster outskirts (Matsushita et al. 2013) that 
occupy the upper part of the band in the plots. Residual degeneracy among models can be removed by considering line 
counts in different redshift bins, hence it will be important to distant GRBs and faint AGNs in addition to the bright, 
local ones. 

To determine the cosmic abundance of these baryons one needs to estimate the absolute metallicity of the medium, 
which can be obtained from the X-ray spectra of UV-bright AGN where broad Lyman-� absorbers have been 
previously measured by HST-COS. Once again, a large number of possible targets and detections accessible to Athena+ 
will be crucial to minimize cosmic variance and obtain a reliable estimate of the mean cosmic density of these baryons. 

O VII and O VIII are the best tracers of baryons in filaments. In 30-50% of cases Athena+ will also detect additional 
metal lines whose importance in determining the physical state of the baryons has been outlined by the recent analysis 
of the Chandra X-ray spectrum of 1ES 1553+113 (Nicastro et al. 2013). 

 

 
 
 
Figure 2: Colored band: the predicted 
mean number of O VII absorption 
lines per unit redshift as a function of 
line EW (Cen & Fang 2006, 
Branchini et al. 2009). Different 
colors highlight the EW ranges above 
the minimum value that can be 
detected by Athena+. The minimum 
EW is set by systematic effects and 
depends on the energy resolution, as 
indicated in the plot, and assumes 1% 
uncertainty on the spectral 
continuum 
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Broad-band RGS Spectra of 1ES 1553+113 
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26-32 Å RGS Spectra 
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z = 0.4339 System 
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Statistical Significance 
(after accounting for OVII blind 
redshift search and RGS eff.-
area-induced systematics): 
3.9-4.5σ 

NII Kα 
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NH(Neutral)=3.7x1020 cm-2:  
 

Fits well the curvature of the 
continuum, all OI Kα and most of 
the NI Kα  
(and agrees with 21 cm meas.) 

 
 
 

T≈3000-5000 K 
NH=(1.85±0.07)x1020 cm-2 

Z/Z¤=0.52±0.09 

2.9-3.3σ 

CNMM 

WIMM 

Nicastro, 2018, ArXiV1811.03498 



z=0.3551 System 
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Statistical Significance 
(after accounting for OVII blind 
redshift search and RGS eff.-
area-induced systematics): 
2.9-3.7σ 

zX=0.35559±0.00016 
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Diagnostics  
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0.7,+0.5,-0.3 >0.05 3.5,+2.5,-1.5 1.0,-0.4,+0.9 0.4339 

0.3551 

z 

Physical parameters all in excellent agreement with WHIM predictions 



First data agree with predictions 
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missing baryons to be found in OVII intervening absorbers.  
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Hot baryons close the census 
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Missing Baryons

WHIM
(5.0<logT<5.5)

Photoinized 

Galaxies

0.002 < Ωb
WHIM < 0.016  
 

è 0.09 Ωb < Ωb
WHIM < 0.7 Ωb 



z=0.2-0.6 Galaxy Distribution 
(in cylindrical volumes: π(0.5 Mpc)2 x (Δz=0.07) 
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Galaxies photo-z redshifts obtained 
via deep (r’>23.5) SDSS-band 

imaging with the OSIIS camera at 
GTC 

 
Photo-z accuracy (and so bin width): 

Δz=±0.035 
 

Projected area: 0.5 Mpc radius circle 
(at each z) centered on our line of 

sight to 1ES 1553+113  
 

Black Curve: Expected average 
number of galaxies with r’>23.5 within 

each cylindrical volume, based on 
Wilmer+06 0.2 0.4 0.6

0
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System-1
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System-2
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System-1: Galaxy Environment 
at z=0.375-0.450 (5.7 kpc/arcsec) 
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8/13 spectroscopically confirmed 

galaxies within ±900 km s-1 
 

Nearest galaxy: i’=19.6 spiral at 
d=129 kpc and -15 km s-1  

è Galaxy’s CGM? 
 

500 kpc ~ 1.5 arcmin 
1.5 Mpc _ 4.5 arcmin  

 
Inner circle fits in Athena XIFU fov 

Getting 5 PSF FWHM away from the 
background target still samples the 

filament è emission+absorption 
(better at lower z)   

500 kpc 

1.5 Mpc 



System-2: Galaxy Environment 
at z=0.320-0.390 (5 kpc/arcsec) 
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Only 4/72 galaxies within the 1.5 Mpc 
radius circle have spectroscopic 

redshifts  
 

Only 1/4 is confirmed at the redshift 
of the absorber (a i’=20.5 elliptical), 

but lies at d=633 kpc and +370 km s-1  
è Diffuse filament? 

500 kpc ~ 1.7 arcmin 
1.5 Mpc _ 5 arcmin  

 
Entire inner circle still fits in Athena 

XIFU fov 
è emission+absorption 

1.5 Mpc 

500 kpc 



Short-term Future: XURBE 
(XMM-Newton Ultimate Roaming baryon Exploration) 
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observing (in a multi-cycle program) 6 opportunely selected, additional lines of sight to 
cover a total Δz=3.5 (cf. with explored Δz=0.4) down to a 3σ sensitivity of 

EWrf(OVIIKα)>9 mÅ, in a total of 4.85 Ms (cf. with 1.9 Ms on 1ES 1553+113) 
 
 
 
 
 
(1) effectively address WHIM cosmic variance over ~130 independent LSS elements;  
(2) measure dN/dz(EWrf > 9) and Ωb(logT∼ 6) with precisions of 15-40%; 
(3) study the galaxy-environment around OVII-WHIM intervening absorbers;  
(4) refine theoretical predictions.  

 

XMM-Newton can provide invaluable contribution by:   

This would allow us to:  



Long-term Future: Athena X-IFU (2030) 
a Transition Edge Sensor (TES) microcalorimeter array with 3840 single pixels 
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Athena X-IFU (Large mirror)
Hitomi-SXS
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Parameters Requirements
Energy range 0.2− 12 keV
Energy resolution1): E < 7 keV 2.5 eV
Energy resolution: E > 7 keV E/∆E = 2800
Field of View 5′ (equivalent diameter)
Effective area @ 0.3 keV > 1500 cm2

Effective area @ 1.0 keV > 15000 cm2

Effective area @ 7.0 keV > 1600 cm2

Gain calibration error (RMS, 7 keV) 0.4 eV
Count rate capability − nominally bright point sources2) 1 mCrab (> 80% high-resolution events)
Count rate capability − brightest point sources 1 Crab (> 30% throughput)
Time resolution 10 µs
Non X-ray background (2-10 keV) < 5× 10−3 counts/s/cm2/keV (80% of the time)

Table 1. Baseline X-IFU top level performance requirements.1) The goal energy resolution is 1.5 eV. 2) The goal point
source count rate capability is 10 mCrab (> 80% high-resolution events).

Figure 8. The X-IFU functional diagram, showing the main components of the instrument. FPA stands for Focal Plane
Assembly, FW for Filter Wheel, CFEE for Cold Front End Electronics, WFEE for Warm Front End Electronics, DRE for
Digital Readout Electronics, Demux for Demultiplexing, EP for Event Processor, CryoAC-BEE for Cryo-AC Back-End
Electronics, RTU for Remote Terminal Unit, ICU for Instrument Control Unit, PDU for Power Distribution Unit.



Athena (& Arcus): No. of Systems 
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26 AGNs 

Exposures: 20 < T (ks) < 300 each

Total Exposure (in Msec)

26 AGNs 

Exposures: 20 < T (ks) < 300 each

Total Exposure (in Msec)

Athena(/Arcus) will detect about 100(/
50) filaments against bright AGNs  

(R and Aeff compete) 

160 ks Athena-XIFU on 1ES 1553+113 



Galaxy Environment of WHIM Filaments (LSS Formation) 
Synergies with mm/O/IR (1)  
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Stocke+13 

Stocke+06 

ELT: 
•  identify galaxies within 5-10 Mpc from 

Athena’s WHIM prior at least down to 0.01 L* 
•  Measure relative distances and clustering 

properties (filamentary structure or groups) 
•  Distance to nearest AGNs 

Williams+10 



3/5/19 ESAC Seminars 2019: F. Nicastro 31 

kpc-scale molecular outflow in Mkn 231 (Feruglio+15)  

Broad (FWHM= 900-1500 km s-1) and red/blue-
shifted components of [OIII] doublet in 8 ULIRGs 
(Harrison+12)   

ELT (HARMONY) + ALMA (bands 2-10): 
•  Detect atomic and molecular outflows in 

galaxies surrounding Athena’s prior 
•  Measure outflow energetic to assess galaxy/

IGM feedback potential 
•  Athena-XIFU/WFI spectra of galaxies in the field 

can detect high-ionization Ultra-Fast Outflows 

Feedback between virialized and non-viriliazed structures 
Synergies with mm/O/IR (2) 



Summary 
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•  The first data confirm predictions:  missing baryons to be found in OVII intervening 
absorbers.  

•  MOPs for WHIM in absorption/emission are built up on realistic predictions.  

 
•  Athena (2032) will make a tomography of the WHIM and will detect ~200 filaments 

against 26/39 bright AGNs and GRBs.  
 

 
•  Strong synergies with mm/O/IR will allow us to (a) identify WHIM-galaxy 

associations and map the structure of galaxy (and so DM) clustering; (b) study the 
interplay between galaxy and AGN outflows and the IGM (feedback) 

 
•  NEW ATOMIC DATA OF X_RAY INNER-SHELL TRANSITIONS URGENTLY 

NEEDED TO PROPERLY IDENTIFY ALL ISM TRANSITIONS 


