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Outline 

• Chandra Detection of the Cool Portion 
of the WHIM Mass Distribution 

• Cold and Warm Baryons in-and-around 
the Galaxy  
– Ubiquitous presence of z=0 OII absorption (OII 

Kβ) casts doubts on z=0.03 WHIM discoveries 
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The Missing Baryons Problems 
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~ 30-40% (or more) of Baryons  
Still Missing at z~0 

Shull+12 

Ωb
WMAPh-2  = 0.0226 h-2 = 0.0456 ~ 5% 
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McGaugh+10 

Cosmological Baryon Fraction fb = 0.17 
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The	  WHIM	  SoluCon	  

Britton+12 

Cool-Phase: ~20% 
Warm-Phase: ~60% 
Hot-Phase: ~20% 
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Best WHIM Target in the Universe:  
1ES 1553+113 
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-  z >  0.4 

-  FX ~ 1-2 mCrab 

-  High S/N COS 
spectrum with 5 a-priori  
BLA signposts  

1ES 1553+115 978 DANFORTH ET AL. Vol. 720

Figure 2. More detailed view of the COS/G130M+G160M dataset smoothed by 7 pixels (approximately one resolution element). Error is shown in gray. Prominent
ISM lines are marked with plus signs. IGM Lyα absorbers are marked with large vertical ticks. Smaller ticks denote corresponding Lyβ detections. IGM metal absorbers
are marked with open circles. The two question marks denote the ambiguous features discussed in Section 3. See Table 1 for line identifications and measurements.
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Cool WHIM at z=0.312: 
(6.3σ X-ray only)  
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From COS BLA and OVI b:  
 è bth = 52 ± 7 km s-1 (bturb = 30 ± 14 km s-1) è logT = 5.2 ± 0.1  
Fully Consistent with presence of CV, CVI, OV  
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Metallicities and Cosmological Mass 
Density of the Cool WHIM 
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Bound to Detect the Cool WHIM (CV) 
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With the sensitivity of the current 500 ks Chandra 
bound to detect only the cool WHIM in CV. 
~3x exposure with XMM è 10x S/N in OVII è 
NOVII > 1014 cm-2 è ~50 systems sampling the 
hot WHIM 
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Summary 
-  The cool portion of the WHIM has been detected in 

UV and X-rays   
-  High metallicity (~0.3 on average), consistent with 

feedback models 
-  CV-OVI-BLA dominated WHIM contains ~ 15% of 

Baryons  
è 40-50 % of Baryons still Missing and likely to 

reside in logT>5.5 WHIM:  detectable with 
our 1.6 Ms XMM VLP 
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The Milky Way as Lab: 
Internal and External Probes 

20 X-Ray Binaries wit RGS spectra with SNRE > 10 @ 22.2 A: probe the Disk 
28 AGNs from Gupta+11: HETG/LETG spectra with low SNRE (1-8 @ 22.2 A) except  

Mkn 421 (100) and PKS 2155-304 (80): probe small portions of Disk and the Halo/CGM 



Spectral Features: 
OI OII Kα Ubituitous; OII Kβ >3σ in 6 spectra 
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EWs and NH
X 
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Saturation?  
Different Absorbers? 



Line Saturation 
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OII is heavily saturated against  
both Galactic and extragalactic  
Lines of Sight.  
 
However: stronger towards  
Galactic X-Ray Binaries 
 
è b and/or NOII must differ 

<EW(OII Kα)>
gal

= 46 ± 8 mA 

<EW(OII Kα)>
exgal

= 13 ± 6 mA 



Curves of Growth: b & NOII 
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X-Ray Detection of Warm Ionized Matter in the Galactic Halo: Doubts on z = 0.03 OVII WHIM Detections 11
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Figure 5. Measured EW(OII Kα) / EW(OII Kβ) ratio for the 6
high S/N spectra of our Galactic and extragalactic sample, as a
function of the measured EW(OII Kα).

column density (or both) of the OII absorber, be intrinsi-
cally different in the two samples.

3.5 Column Density and Doppler Parameter of
the OII Absorber in the two Samples

The six spectra of our Galactic and extragalactic samples
have sufficient statistics in their associated OII Kα and Kβ
lines to perform a detailed curve of growth analysis on their
EW ratios and break the implicit degeneracy between the
ion column density and the Doppler parameter of the ab-
sorber along these lines sight (or “S/N-averaged” lines of
sight in the case of the two co-added Galactic and extra-
galactic spectra, 18CB and 8CLETG).

For each of the 6 available lines of sight we run curve-
of-growth analyses for the Kα and Kβ transitions of OII,
over a grid of Doppler parameter values comprised between
b = 0−300 km s−1, with a resolution of 10 km s−1. For each
value of the Doppler parameter within the grid, we evaluate
the column density of OII corresponding to the best-fitting
EW value of the Kα and Kβ absorption lines, plus and minus
their 1σ statistical uncertainties. This generates, for each
line of sight, two regions of ±1σ allowed intervals for each of
the two transitions, in the NOII-b plane, and the intersection
of these two regions defines the ±1σ NOII-b solution interval
2. .

Figures 6 and 7 show the result of this procedures for
our 3 Galactic and 3 extragalactic lines of sight (or S/N-
weighted average lines of sight for the 18CB and 8CLETG
spectra), respectively, while Table 5 summarizes the NOII

and b measurements. In each figure, the black and blue

2 We have previously exploited this technique succesfully in
Williams et al. (2005, 2007) and Gupta et al. (2012)

Table 5. OII Column Densities and Doppler Parameters

Line-of-Sight NOII b
in 1017 cm−2 in km s−1

Galactic Lines of Sight

4U 1728-16 9+10
−4

120+14
−17

V*V 821 Ara 4.9 ± 0.8 200 ± 6
18CB 1.62 ± 0.08 182+7

−4

Extragalactic Lines of Sight

Mkn 421 0.42+0.11
−0.09 40+4

−3

PKS 2155-304 0.30+0.07
−0.11 40+4

−9

8CLETG 4+9
−3 60+16

−15

curves delimit the ±1σ allowed Kα and Kβ regions, respec-
tively, while their intersection (magenta contour) define the
allowed 1σ NOII −b contour and solution. In each figure, the
green point marks the solution corresponding to the curve
of growths computed for the best fitting EWs of the two
transitions.

The gas producing the OII absorption along the Galac-
tic lines of sight (i.e. within the Galactic disk) is character-
ized by OII column densities, as well as Doppler parameters,
that are systematically higher than those of the gas imprint-
ing OII absorption in the direction of the extra-galactic line
of sight. The average Doppler parameters measured against
the Galactic and extragalactic targets are < bgal >= 170±40
km s−1 and < bexgal >= 50±10, respectively. < bgal > is of
the order of the rotational velocities in the disk of the Galaxy
and thus the OII absorber detected along the Galactic lines
of sight, is plausibly associated with interstellar matter fill-
ing the Galaxy’s disk. The lower Doppler velocity measured
against the extra-galactic targets, as well as the smaller OII
columns, could simply reflect the fact that our extragalactic
targets are all located at high Galactic latitudes and so cross
a much lower portion of the Galactic disk. However, these
differences could also in principle indicate that the bulk of
the absorption produced along the extraglactic lines of sight
has a different origin than that produced in the disk of the
Galaxy, against our Galactic targets.

3.6 Self-Consistent Physical Modeling of the
OI-OII Absorbers

To discriminate between these two hypotheses, the physical
properties of the two potentially distinct absorbers need to
be derived. This requires modeling of both the OI and OII
absorbers in a self-consistent manner, that is with a model
that includes accurate treatments of both (a) the gas ion-
ization structure and (b) line saturation (for all the main
bound-bound transitions from neutral and ionized species),
i.e. the evaluation of the exact line profile as a function of
its column density and intrinsic Doppler parameter.

There are no publicly available spectral models of the
ISM that include both these ingredients. The new high res-

c⃝ 0000 RAS, MNRAS 000, 000–000

<b>Gal = 170 ± 40 km s-1 

<b>Exgal = 50 ±10 km s-1 
 
 
 
 
 
 

Either:  
•  Smaller Portion of Disk 
Or:  
•  Two Distinct Absorbers  
 
 



The Disk CNMM & The Disk+Halo/
CGM  WIMM 
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Warm Ionized Metal Medium:   
<THalo>WIMM = 2900 ± 900 K 
<ZHalo>WIMM = 0.3 ± 0.2 Z¤ 
 
<TDisk>WIMM = 3000 ± 1000 K 
<ZDisk>WIMM = 0.8 ± 0.1 Z¤ 
 

Cold Neutral Metal Medium:   
<Tdisk>CNMM =  30 – 100 K 
<ZDisk>CNMM = 0.8 ± 0.2 Z¤ 

<NOI> = (1.0 ± 0.4) 1018 cm-2 

<b>CNMM = 280 ± 50 km s-1 

è > 22 Clouds kpc-1 with 
D<50 pc and nH > 0.1 cm-3 

 



Metallicity of T<~104 K CGM at z<1 
(Lehner+13) 
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[O/H] Milky Way  
WIMM 

Outflow Inflow 



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

Right Ascension 
But: NOVII ~ 2 x 1016 cm-2 !!! 

17 

H 2356-309 

Mkn 501 

Ren, Fang & Buote, 2014 



OII Kβ @ z=0 Not OVII @ z=0.03 
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Conclusions 
•  Two distinct OI-OII components: the CNMM and the WIMM.  
•  The CNMM is confined in the disk of our Galaxy and has:  
       TCNMM ≃ 30−100 K, <Z>CNMM = 0.8 ± 0.2 Z¤, <b>CNMM = 280 ± 50 km s−1  
•  The CNMM must be patchy and made up of  
       >∼ 22 clouds kpc−1, with D <∼ 50 pc each.  
•  The WIMM has <T>WIMM= 3000 ± 1000 K and permeates the whole Galaxy. 

We find: <ZHalo>WIMM= 0.3 ± 0.2 Z¤, <bHalo>WIMM =48 ± 6 km s−1 
                   <ZDisk>WIMM

 = 0.8 ± 0.1 Z¤, <bDisk>WIMM = 100 ± 10 km s−1  
•  We estimate:  

 MCNMM < 8×108 M¤  
 MWIMM ~ 8.2×109 M¤ (only 10% in the disk).  

•  OII Kβ from the WIMM invalidates OVII Kα WHIM detection at z=0.03 
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