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Outline 

• The Missing Baryon Problem   
• Results from the XMM-Newton 

VLP on 1ES 1553+113 
• From current to next generation 

X-ray spectrometers. 
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The Missing Baryons Problem 
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~ 30-50% of Baryons Still Missing at z~0 

Ωb
WMAPh-2  = 0.0226 h-2 = 0.0456 ~ 5% 

Missing Baryons

WHIM
(5.0<logT<5.5)
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Galaxies

Nicastro+16 

HST-COS Obs of 
BLA+OVI &  

Chandra Obs of CV 



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 
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The	Baryons	in	HD	Simula2ons	

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) 
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The Baryon Phases in HDS 

10/12/18 IAU 2018 - Focus Meeting 2 (F. Nicastro) 6 

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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First Claimed WHIM Detections: 
Exceptional Outburst State  

(Nicastro+05, Nature, ApJ)  
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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 



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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H 2356-309 

Mkn 501 

Ren, Fang & Buote, 2014 



ISM/IGM Spectrum(Real Data) 
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The Case of H 2356-309 
& the z=0-LIMM / z=0.03-WHIM conspiracy 
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EW(OII Kβ) = 18 ± 5 mÅ  
vs  

<EW(OII Kβ)>AGN = 18 ± 5 mÅ   

z≈0.03 WHIM not statistically required.  
If present must have:  

T ≈ 3x105 K 
b ≈ 100 km s-1 

NOVII ≈ 4x1015 cm-2  
(<< 8x1016 cm-2 of Fang+10) 



The XMM-Newton VLP on  
1ES 1553+113 
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The Warm-Hot (OVII) IGM 
XMM-Newton RGS Spectrum 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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System-1 
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Statistical Significance 
(after accounting for OVII blind 
redshift search and RGS eff.-
area-induced systematics): 
3.9-4.5σ 

zX=0.4339±0.0008 

0.8

0.9

1

1.1

1.2

(a) 

0.42 0.43 0.44 0.45
0.8

0.9

1

1.1

1.2

(b) 



System-2 
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Statistical Significance 
(after accounting for OVII blind 
redshift search and RGS eff.-
area-induced systematics): 
2.9-3.7σ 
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Diagnostics  
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IGM vs Intrinsic Absorption for System-1 
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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’>24) 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’>24 within 
each cylindrical volume, based on 

Wilmer+06 
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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 



First data agree with predictions 
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Eagle (17) 

Cen & Ostriker (06): GSW NON-LTE
Branchini (09)

1 10
0.1

1
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(once) missing baryons will be found in OVII intervening absorbers.  



Athena vs 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)

•  MOPs for WHIM are built up 
on realistic predictions:  

 
Athena(/Arcus) will detect 
about 100(/50) filaments 
against bright AGNs  
(R and Aeff compete) 



Hot baryons close the census 
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•  HI lines are vital to evaluate 
metallicity and so derive mass: 
Athena’s MOP targets  should all 
be observed with the HST-COS at 
SNRE≥50 (requires ~500 HST 
orbits)  

•  Removing “directly”  the 
degeneracy between bth and bturb, 
can only be done comparing HI and 
metal resolved lines. To do this by 
using O and Fe in the X-rays, 
would require a resolution of 4 km 
s-1 (R>75000)!!! Simply not doable.  



Athena vs Arcus: System-1 
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•  Detecting 2 or more unresolved lines from the same ion (especially He-like), and for more than 
one metal (i.e. O and Ne or Fe) with high S/N would allow us to infer the Doppler parameters 
and so (by comparing them) disentangle bth and bturb.  

CAT-Gratings: Δλ~λ  Calorimeter: Δλ~λ2  

Longer than  
C-Edge 

C-edge 
valley  
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•  Filaments detected with Arcus-like machines before Athena, against targets fainter than ~ 
1mCrab, can be followed up with Athena XIFU to detect associated emission, 5-PSFs away from 
target. This, compared with absorption measurements, will give densities.  

Athena vs Arcus: System-2 



What do we learn from this 
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•  The first data confirm predictions: (once) missing baryons will be found in OVII intervening 
absorbers.  

•  MOPs for WHIM in absorption/emission are built up on realistic predictions: Athena/Arcus will detect 
about 50-100 filaments against bright AGNs (R and Aeff compete) 

•  HI lines are vital to evaluate metallicity and so derive mass: Athena’s MOP targets  should all be 
observed with the HST-COS at SNRE≥50 (requires ~500 HST orbits)  

•  Removing “directly”  the degeneracy between bth and bturb, can only be done by comparing HI and 
metal resolved lines (and so, in the FUV). To do this by using O and Fe in the X-rays, would require 
a resolution of 4 km s-1 (R>75000)!!! Simply not doable.  

•  However, detecting 2 or more unresolved lines from the same ion (especially He-like), and for more 
than one metal (i.e. O and Ne or Fe) with high S/N would allow us to infer the Doppler parameters 
and so (by comparing them) disentangle bth and bturb.  

•  z≤0.1 filaments detected with Arcus-like machines before Athena, against targets fainter than ~ 
1mCrab, can be followed up with Athena XIFU to detect associated emission, 5-PSFs away from 
target. This, compared with absorption measurements, will give densities.  

•  Synergy between Athena and ELT in mapping the galaxy fields of absorbers will be vital to study 
metallicity vs galaxy-environment  


