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The Galaxy Missing Baryon Problem
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Ωb
Planck18 = 0.0493 ~ 5%
fb =Ωb /Ωm= 0.157

2

McGaugh+10

L* galaxies with Mh=1012 M⊙

should have Mb~1.6×1011 M⊙

and have M*~3×1010 M⊙

i.e. Mb(missing) ~ 4.3×M*
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Filippo Fraternali (University of Groningen) What matter(s) between galaxies, Abbazia di Spineto – 4 June 2019
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9/9/22
Supermassive Black Holes: Environment and Evolution: Corfù 2019 (F. Nicastro)

Credits F. Fraternali

Cool-CGM
~ 500-5000 clouds

Hot-CGM?
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The Cool-CGM: 1
(Berg+19,22, Lenher+13,18,19, Werk+13,14, Wotta+19, Keeney+17, Fox+13, Stocke+13...) 
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The Cool-CGM: 2
Werk+13,14

Possibly photoionized by the metagalactic 
radiation field

HaloExtended Disk?
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Relevant Questions

• 1) Where are the Galaxy’s baryons?
• 2) Are they in a hot-CGM?
• 3) If so, does it co-exist with the 

cool-CGM?
• 4) In what physical conditions? 
• 5) And is its mass sufficient to close 

the galaxy baryon census?  
6



All the X-Ray Colors of the Milky Way
ISM/CGM Spectrum(Real Data)
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XMM-Newton RGS Spectrum of Mkn 421 (z=0.03) 

CNMM and 
LIMM are 
(mostly)  
confined in 
the thin and 
thick disks. 

Where is the 
HIMM?
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The Hot-CGM: Sample Selection

07/08/23 High Resolution X-ray Spectroscopy: a Chandra Workshop (F. Nicastro) 8

• 30 background quasars with LLSs (16.2 ≤ logNHI ≤ 19) from 
Lehner+13

• 11/30 with multiple archival XMM-RGS, and 2/11 also Chandra-
LETG, public observations

• 4/11 have SNRE≥4 (allows Poisson) both in RGS and LETG
• 3/4 show hints for OVII Ka absorption and have galaxy association 

Galaxy-Halo properties



Hints of OVII K𝛼 in Single-Source Spectra
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within the fitting-package Sherpa with the simplest possible astrophysically-motivated continuum model, i.e. a single139

power-law plus Galactic absorption (the xstbabs model in Sherpa, which includes high resolution edge structures for the140

K-edges of oxygen and neon and the L-edges of iron). In all cases, a visual inspection of the residuals showed broad-141

band systematic wiggles, indicating that the single-power-law model is not an adequate description of the targets’142

continua. We then added an nth-order polynomial function to the power-law with initially all n > 2 coe�cients frozen143

to zero, and refitted the data. We iterated the procedure by gradually freeing n > 2 polynomial orders until residuals144

appeared flat over the whole RGS and LETG 5–37 Å (observed) bands. Finally, to search for Ovii K↵ absorption145

at the redshift of the LLS, we added a negative unresolved (Full-Width Half Maximim frozen to FWHM=10 mÅ)146

Gaussian to our best-fitting continuum models, with position allowed to vary within 1 Å from its expected position at147

the LLS’s redshift and free negative-only amplitude.148

Table 1 summarizes the best-fitting line parameters, as derived by both fitting the individual spectra (first part of149

the Table) and by joint-fitting the RGS and LETG spectra of the same targets by linking their line EWs to the same150

value (raws 6 and 7 of the Table, where line-centroids are the �i
OV II -weighted averages of the line centroids in the151

RGS and LETG spectra of the targets). Errors associated to line centroids are Gaussian-equivalent 1� uncertainties152

(i.e. FWHM/(2
p
2ln2) derived from the distributions of o↵sets of known Galactic lines in two samples of RGS and153

HRC-LETG spectra (see Fig. 9 in §C), while errors on EWs are 1� statistical errors from the data. The last raw154

of the Table reports the weighted-average line parameters for the X-ray halos, computed by adopting as weights the155

statistical significance �i
OV II (i = 1, 3) of the lines, in the RGS spectrum of PG 1407+265 (first raw of the Table) and156

the jointly-fitted RGS+LETG spectra of PKS 0405-123 and PG 1116+215 (rows 6 and 7 of the Table). The statistical157

significance of the X-tay halo Ovii K↵ line is the sum, in quadrature, of the line significance in those three spectra,158

and is used to derive the 1� error on the weighted-average EW159

Table 1. Best-fitting parameters of the X-ray-halo lines in the single spectra of the three targets

X-Ray Spectrum �O vii K↵

LLS�frame EWO vii K↵

LLS�frame �v Significance

(Å) (mÅ) (km s�1)

Fits to Individuals Spectra

1: PG 1407+265 RGS 21.59± 0.03 59± 35 �(140± 420) 1.7�

2: PKS 0405-123 RGS 21.54± 0.03 15.7± 7.1 �(830± 420) 2.2�

3: PKS 0405-123 LETG 21.57± 0.05 69± 25 �(420± 690) 2.8�

4: PG 1116+215 RGS 21.54± 0.03 20.8± 8.0 �(830± 420) 2.6�

5: PG 1116+215 LETG 21.48± 0.05 29.0± 14.5 �(1670± 690) 2.0�

Joint-fits to RGS+LETG spectra with EWs linked to the same value

PKS 0405-123 RGS+LETG 21.56± 0.04 20.5± 7.3 �(560± 560) 2.8�

PG 1116+215 RGS+LETG 21.51± 0.04 18.1± 6.5 �(1250± 560) 2.8�

Weighted averages and coadded significance

X-Ray halo 21.55± 0.04 28.5± 6.6 �(690± 560) 4.3
160

161

Finally, the three panels of figure 1, show the confidence-level contours of the LLS-frame Ovii K↵ line EW and centroid162

seen in the individual XMM-Newton -RGS and Chandra -LETG spectra of our three targets (see Figure’s caption for163

details).164165

Summarizing, none of the single-source spectra shows the clear presence of a possible Ovii K↵ absorption line166

imprinted by the halo of the intervening galaxies, but all of them are consistent with the presence of such a feature at167

statistical significance levels comprised between �i
OV II ⇠ 1.7� 2.8 (i = 1, 5). The line hinted in the LETG spectrum168

of PKS 0405-123 was already reported by our group Mathur et al. (2021) at the level of statistical significance shown169

also here in the middle panel of Fig. 1 (⇠ 2�: dashed contours), and modeled as the hot counterpart of LLS#2 in170

association with the OVI absorber reported by Savage et al. (2010). However, the statistical significance of this line171

alone did not allow us to reach definitive conclusions on the temperature, column density and mass of this hot-CGM172

absorber Mathur et al. (2021).173

3.2. Simultaneous Fit to the Ovii absorbers of the three LLSs174



Simultaneous Fitting 
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Table 2. Best-fitting parameters of the X-ray halo absoprtion lines from the simultaneous fits

Method < �O vii K↵

LLS�frame > < �O vii K�

LLS�frame
> <EWO vii K↵

LLS�frame > <EWO vii K�

LLS�frame
> �v Significance of

(Å) (Å) (mÅ) (mÅ) km s�1 the X-ray halo

A 21.54± 0.04 a18.58 39.1± 7.4 9.4± 5.2 �(830± 560) 5.6�

B 21.55± 0.04 a18.59 28.5± 6.7 16.4± 10.3 �(690± 560) 4.6�

C 21.55± 0.04 a18.59 26.4± 7.1 17.3± 8.7 �(690± 560 4.2�
a Linked to the K↵ position through the ratio of the rest-frame line positions.

Figure 2. Ovii K↵+K� line EW-position confidence-level contours, up to the highest closed contour-level, in the simultaneous
fit to the five X-ray spectra of our X-ray halo sample. The three panels refer to the three di↵erent fitting methods described
in the text, and for each method the statistical significance of the highest closed contour is labeled for both one and (two)
interesting parameters.

the relations �OV IIK↵
i = �OV IIK↵

1 ⇥ (�OV IIK↵
bf,i /�OV II

bf,1 ) (where the index i = 2, 5 indicates the i� th spectrum and bf194

stays for Best-Fitting). Similarly, the fluxes Fi of each Ovii K↵ and K� line in spectra 2-5, are are linked to FK↵,K�
1195

through the relations FK↵,K�
i = FK↵,K�

1 ⇥ (FK↵,K�
bf,i /FK↵,K�

bf,1 ). This allows us to compute statistical errors on the196

flux of the Ovii K↵ and K� lines, leaving free to vary independently only three parameters (namely, the Ovii K↵ line197

centroid and K↵ and K� fluxes of spectrum 1), thus exploiting the combined statistics of all data. Finally, to compute198

the line position-EW confidence levels of the X-ray halo (i.e. Ovii K↵+K� lines) absorbers plotted in Fig. 2, we also199

link the flux of the K� line of the reference spectrum 1 to that of its corresponding K↵ transition, via the relation200

FOV IIK�
1 = FOV IIK↵

1 ⇥ (FOV IIK�
bf,1 /FOV IIK↵

bf,1 ), so that the confidence-levels shown in Fig. 2 are for the combined201

Ovii K↵ and K� transitions. For each of the three cases, the values reported in Tab. 2 for the line centroids and EWs202

of the two transitions are the �i
OV II -weighted averages of their best-fitting values in each spectrum (Tab. 1), while the203

statistical significance of the X-ray halo is the coadded (in quadrature) statistical significance of the Ovii K↵ and K�204

lines (which, by construction, coincides with that of the corresponding highest significance closed contour of Fig. 2).205

3.3. Stacked Spectrum of the X-ray Halo206



Stacked Spectrum
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Equivalent-Hydrogen Column density
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𝑁! ≈ (10"#.#– 10%&.') (𝑍/0.3𝑍⨀))"	cm−3



Physical Conditions of the X-ray Halo
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logT ≈ 5.8–6.3 K
This is consistent with the virial temperature of a 𝑀! = 10"".$%𝑀⨀ halo, 

log𝑇'() ≈ 6.0

𝑛* =
+!
,
= +!

-." /#$%
& 01&

≈ (10"$.$– 10-2.3)/9.2×10-4 ≈ (0.8– 4.3)×1005 cm-3

è𝑃678 = 𝑛*𝑇 ≈ 50– 900	K	cm−3

For the cool-CGM and if photoionization is at work: 

𝑃977: = 𝑛*𝑇 ≈ 5	K	cm−3

èPressure equilibrium ó Cool clouds > 10x denser ó rcloud~ 1-2 kpc, as 
Galactic HVCs if at 100 kpc 

è  Equilibrium-Photoionization probably not the main mechanism for the cool 
clouds



Baryon Mass of the X-ray-halo up to 1 Rvir
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𝜉! 𝛽 = 0.64 − 0.68 = "!"#$%&'
#("!$"∗$"*""+$%&'

= 0.9 ± 0.2 

Close the galaxy baryon census

𝐵𝑒𝑡𝑎 − 𝑃𝑟𝑜𝑓𝑖𝑙𝑒:	
𝑓 𝛽; 𝑅% , 𝑛!& = 𝑛!&[1 + ( ⁄𝑟 𝑅%)']$( ⁄* '

𝛽=0.64–0.68 (isothermal halo)
𝑅% = 1–5 kpc

𝑛!& = 0.0004 − 0.1 cm-3 

Integrates the density profile in a spherical geometry 
from the center of the halo to Rvir  and imposes that, at 
𝜌=115 kpc, NH matches the range of observed values 



Summary
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logNH(in cm-2) ≈ 19.8-20.6
logT(in K)=5.8–6.3 6.8𝜎 (4.7𝜎 @ FUV-LLS)

𝜉!(𝛽 = 0.64 − 0.68) = "!"#$%&'
#("!$"∗$"*""+$%&'

= 0.9 ± 0.2 


