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A Distant Echo of Milky Way Central Activity closes the
GalaxyÕs Baryon Census

F. Nicastro1,2, F. Senatore[1,3], Y. Krongold4, S. Mathur[5,6], M. Elvis2

ABSTRACT

We report on the presence of large amounts of million-degree gas in the Milky

Way’s interstellar and circum-galactic medium. This gas (1) permeates both the
Galactic plane and the halo, (2) extends to distances larger than 60-200 kpc from

the center, and (3) its mass is su! cient to close the Galaxy’s baryon census.
Moreover, we show that a vast, ∼ 6 kpc radius, spherically-symmetric central

region of the Milky Way above and below the 0.16 kpc thick plane, has either

been emptied of hot gas or the density of this gas within the cavity has a peculiar
profile, increasing from the center up to a radius of ∼ 6 kpc, and then decreasing

with a typical halo density profile. This, and several other converging pieces
of evidence, suggest that the current surface of the cavity, at 6 kpc from the

Galaxy’s center, traces the distant echo of a period of strong nuclear activity of
our super-massive black-hole, occurred about 6 Myrs ago.

Subject headings:

1. Introduction

The visible baryonic mass of the Milky Way, which includes stars, cold and mildly

photo-ionized gas and dust, amounts to MObs
b ≃ 0.65×1011 M! (McMillian & Binney, 2012).

The total baryonic plus dark matter mass of our Galaxy, is instead estimated in the range
MTot ≃ (1− 2)× 1012 M! (Boylan-Kolchin et al., 2013). This, assuming a universal baryon
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Three Main Results 
¥  Million-degree Gas permeates both the Disk and Halo 

of our Galaxy 
 
¥  A spherically symmetric structure  in the density 

profile of the million-degree halo gas tracks the 
current position of a shock-front generated 6 Million 
years ago by an energetic outflow powered by an 
AGN-like accretion episode 

 
¥  The Mass of the OVII-bearing Gas is sufficient to 

close the GalaxyÕs Baryon Census 

#&



The Galaxy Missing Baryons 
Problem 
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Cosmological Baryon Fraction 
fb = 0.157 

The baryon deficit is more severe in 
smaller galaxies 
!  Less massive objects are unable to 

retain baryons (and metals?) due to 
feedback processes (winds)?  

!  Are these baryons in the 
surrounding CGM/IGM?  
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The Milky Way’s Baryon Problem 

•  (Mb)Obs = 6.5x1010 M"  (McMillian & Binney, 2012) 

•  MDM = (1-2)x1012 M"  (Boylan-Kolchin+12) 

•  fb = 0.157 (The Plank Collaboration, 2015) 
  

 !  Mb/(Mb)Obs ≈ 2.5-5  
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Mb
Missing ≈ (1.5-3)x1011 M"  



The Hot z=0 Absorber(s) 
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Nicastro+02 

Highly Ionized, Warm and Cold 
Medium seen in all directions  
(e.g. Bregman+07, Gupta+11, Fang+13) 
 

Location Not Known 
  

Williams+05 
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Low-Density: Locates the gas at >50 kpc 
Local Group? Local WHIM filament? CGM? 

(Williams+05) 

The OVI Problem 
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All the X-ray Spectral Signatures of 
the Milky Way 
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The Optimal OVII Sample 
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Fig. 1.Ñ Aitoff projection of our LGL (red) and HGL (blue) absorbers. Filled circles are the 18 HGL
plus 13 LGL measurements we use in our work. Empty circles are detections at significances lower than 2,
while stars are upper limits or detections hampered by the presence of an instrumental feature. The size
of the circles is proportional to the measured EW. Clearly most of the detections are concentrated towards
the general direction of the center, with only 3 non-detections at 3000 < l < 600, and all three at |b| > 350.
The LGL targets are mostly concentrated in the Galaxys center, and this is why they are so powerful in
constraining the central density and the disk profile (model M2 in Table 1). The dashed cyan line delimits
the central cavity with radius Rs = 5.6 kpc, defined by our best-fitting model A.

Differs from previous (e.g. Gupta+12, Miller&Bregman13): 
-  HGL + LGL for the first time 
-  Complete to SNRE>10 at 22 •  
-  Remove NOVII-b Degeneracy 

18/20 (90%) LGL have OVII, but only 14 known distance (1 contaminated)  
52 HGL; 9 contaminated + 3 Instr.Feat.; 34/39 (87%) have OVII, but only 18 K! & K" 

  !  13 LGL (XRBs) + 18 HGL (AGNs) = 31 LoS 



Adopted Density Profiles 
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normalizing density n0 (in cm−3) and the core radius Rc (in kpc):

n(R) = n0e−|R−Rs|/R c ;

(2) a flattened CS exponential profile, characterized by three parameters: the normalizing

density n0, the coplanar core radius ! c (in kpc) and the vertical core-height hc (in kpc):

n(R) = n0e−
√

(! / ! c)2+(z−hs)/h c)2 ;

(3) a SS -profile, with the three parameters n0, Rc and the index " characterizing the
steepness of the profile:

n(R) = n0[1 + (R − Rs)
2/R 2

c]
−3" / 2;

(4) a flattened CS -profile, with the four parameters n0), ! c, hc and " :

n(R) = n0[1 + ! 2/ ! 2
c + (z − hs)

2/h 2
c]
−3" / 2.

As shown in the analytical expressions, for each of these four models we also allow for
the inclusion of an additional parameter (Rs for the SS profiles and hs for the CS profiles,

both in kpc) allowing for a possible o! set of the distributions from the Galaxys center (SS
models) or plane (CS models).

The above models are only four possible phenomenological representations of the den-
sity profiles expected for baryons immersed in deep gravitational potential wells. However,

through their parameters " , Rs and hs (and at a less extent the core distances Rc, ! c and hc)
these families of models describe a wide spectrum of radial density trends (from flattened

exponential disks, to steep isothermal halos - " = 2/ 3 -, to flat hydrostatic equilibrium gas
distributions - " ≃ 1/ 4) and structures (peaks and valleys).

The fit is performed by integrating, for a given set of model parameter values and for
each line of sight direction, the density profile n(R) along the line of sight coordinate #(R)

[with R2 = #2+R2
⊙−2#R⊙cos(b)cos(l)] and comparing the so predicted line of sight column

density with the observed value. All parameters are then varied within preset intervals and,
at each iteration, the $2 is evaluated for the entire set of line of sight considered in the

fit. When the full ranges of parameter values have been explored, and so the $2 matrix
completely evaluated, the set of parameter values that minimizes the $2 is determined.

2.4. Determination of Halo Extent and Masses

Given the one-dimensional nature of our observables (and, for the HGLs, the a-priori

unknown maximum line of sight integration distance), and so the need for reducing the
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normalizing densityn0 (in cm! 3) and the core radiusRc (in kpc):

n(R) = n0e
! |R! Rs |/R c ;

(2) a ßattened CS exponential proÞle, characterized by three parameters: the normalizing
density n0, the coplanar core radiusρc (in kpc) and the vertical core-heighthc (in kpc):

n(R) = n0e
!
!

(! / ! c)2+(z! hs)/h c)2 ;

(3) a SS -proÞle, with the three parametersn0, Rc and the index β characterizing the
steepness of the proÞle:

n(R) = n0[1 + (R " Rs)2/R2
c]! 3" / 2;

(4) a ßattened CS -proÞle, with the four parametersn0), ρc, hc and β:

n(R) = n0[1 + ρ2/ρ2c + ( z " hs)2/h2
c]

! 3" / 2.

As shown in the analytical expressions, for each of these four models we also allow for
the inclusion of an additional parameter (Rs for the SS proÞles andhs for the CS proÞles,
both in kpc) allowing for a possible offset of the distributions from the Galaxys center (SS
models) or plane (CS models).

The above models are only four possible phenomenological representations of the den-
sity proÞles expected for baryons immersed in deep gravitational potential wells. However,
through their parametersβ, Rs and hs (and at a less extent the core distancesRc, ρc and hc)
these families of models describe a wide spectrum of radial density trends (from ßattened
exponential disks, to steep isothermal halos -β = 2/3 -, to ßat hydrostatic equilibrium gas
distributions - β # 1/4) and structures (peaks and valleys).

The Þt is performed by integrating, for a given set of model parameter values and for
each line of sight direction, the density proÞlen(R) along the line of sight coordinateξ(R)
[with R2 = ξ2 + R2

" " 2ξR" cos(b)cos(l)] and comparing the so predicted line of sight column
density with the observed value. All parameters are then varied within preset intervals and,
at each iteration, the χ2 is evaluated for the entire set of line of sight considered in the
Þt. When the full ranges of parameter values have been explored,and so theχ2 matrix
completely evaluated, the set of parameter values that minimizes the χ2 is determined.

2.4. Determination of Halo Extent and Masses

Given the one-dimensional nature of our observables (and, for the HGLs, the a-priori
unknown maximum line of sight integration distance), and so the needfor reducing the
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(! / ! c )2+( z! hs )/h c )2
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! 3" / 2.
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normalizing densityn0 (in cm−3) and the core radiusRc (in kpc):

n(R) = n0e−|R−Rs |/Rc ;
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−3" /2;
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n(R) = n0[1 + ! 2/ ! 2
c + ( z " hs)2/h 2

c ]
−3" /2.

As shown in the analytical expressions, for each of these four models we also allow for
the inclusion of an additional parameter (Rs for the SS proÞles andhs for the CS proÞles,
both in kpc) allowing for a possible o! set of the distributions from the Galaxys center (SS
models) or plane (CS models).

The above models are only four possible phenomenological representations of the den-
sity proÞles expected for baryons immersed in deep gravitational potential wells. However,
through their parameters" , Rs and hs (and at a less extent the core distancesRc, ! c and hc)
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The Þt is performed by integrating, for a given set of model parameter values and for
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density with the observed value. All parameters are then varied within preset intervals and,
at each iteration, the $2 is evaluated for the entire set of line of sight considered in the
Þt. When the full ranges of parameter values have been explored,and so the$2 matrix
completely evaluated, the set of parameter values that minimizes the $2 is determined.

2.4. Determination of Halo Extent and Masses

Given the one-dimensional nature of our observables (and, for the HGLs, the a-priori
unknown maximum line of sight integration distance), and so the needfor reducing the

(Exponential Sphere) 

(Exponential Disk) 

("-Sphere) 

("-Cylinder) 

Rs and hs = Offset Radius and Height 
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normalizing densityn0 (in cm! 3) and the core radiusRc (in kpc):

n(R) = n0e! |R! Rs |/R c ;

(2) a ßattened CS exponential proÞle, characterized by three parameters: the normalizing
density n0, the coplanar core radius! c (in kpc) and the vertical core-heighthc (in kpc):

n(R) = n0e!
!

(! / ! c )2+( z! hs )/h c )2
;

(3) a SS -proÞle, with the three parametersn0, Rc and the index " characterizing the
steepness of the proÞle:

n(R) = n0[1 + ( R " Rs)2/R 2
c]! 3" / 2;

(4) a ßattened CS -proÞle, with the four parametersn0), ! c, hc and " :

n(R) = n0[1 + ! 2/ ! 2
c + ( z " hs)2/h 2

c]
! 3" / 2.

As shown in the analytical expressions, for each of these four models we also allow for
the inclusion of an additional parameter (Rs for the SS proÞles andhs for the CS proÞles,
both in kpc) allowing for a possible o! set of the distributions from the Galaxys center (SS
models) or plane (CS models).

The above models are only four possible phenomenological representations of the den-
sity proÞles expected for baryons immersed in deep gravitational potential wells. However,
through their parameters" , Rs and hs (and at a less extent the core distancesRc, ! c and hc)
these families of models describe a wide spectrum of radial density trends (from ßattened
exponential disks, to steep isothermal halos -" = 2/ 3 -, to ßat hydrostatic equilibrium gas
distributions - " # 1/ 4) and structures (peaks and valleys).

The Þt is performed by integrating, for a given set of model parameter values and for
each line of sight direction, the density proÞlen(R) along the line of sight coordinate#(R)
[with R2 = #2 + R2

" " 2#R" cos(b)cos(l)] and comparing the so predicted line of sight column
density with the observed value. All parameters are then varied within preset intervals and,
at each iteration, the $2 is evaluated for the entire set of line of sight considered in the
Þt. When the full ranges of parameter values have been explored,and so the$2 matrix
completely evaluated, the set of parameter values that minimizes the $2 is determined.

2.4. Determination of Halo Extent and Masses

Given the one-dimensional nature of our observables (and, for the HGLs, the a-priori
unknown maximum line of sight integration distance), and so the needfor reducing the

#(R) = LoS coordinate, with  
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Table 1: Separate HGL and LGL Fits

Model Model n0 Rc or ρc hc Rs Halo Size Mass chi2(dof )
Name Type (10−2 cm−3) (kpc) (kpc) (kpc) (kpc) (109 M⊙

M1 Exp-SS 4.9+1.1
−0.4 3.1+0.3

−0.2 N/A 5.4+0.6
−0.4 > 46 3.3+4.1

−1.4 10.9(15)
M2 Exp-CS 52+5

−15 2.4+0.3
−0.1 0.16+0.04

0.03 N/A N/A 0.14+0.11
−0.06 12.8(10)

HGL 
LGL 

•  LGL trace the GalaxyÕs Disk: MOVII(Disk)$1.4x108 M"  
•  2 distinct components or compromising solution 

LGL: %2
flat(dof) = 12.8(10) vs %2

Sph(dof) = 22.5(11)  
LGL to HLG: %2(dof) = 373(18) !!! 
HGL to LGL: %2(dof) = 147(13) !!! 



Combined LGL+HGL NOVII-(l,b) Fits 
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Table 2: Simultaneous LGL+HGL Fits

Model Model n0 Rc ! Rs Halo Size Mass chi2(dof )
Name Type (10−2 cm−3) (kpc) (kpc) (kpc) (10 11 M⊙

A ! -SS 2.7+0 .3
−0.3 2.1+0 .3

−0.2 0.62+0 .04
−0.04 5.6+0 .6

−0.6 > 64 0.2+0 .3
−0.1 28.7(27)

B M2 + ! -SS 1.3+0 .3
−0.2 0.7+0 .2

−0.1 0.33+0 .03
0.03 6.7+0 .9

−1/8 > 193 1.3+2 .1
−0.7 30.9(27)

M3 M2 + ! -SS 0.8+0 .1
−0.1 1.7+0 .2

−0.2 0.33 (frozen) 0 (frozen) > 250 2.0+0 .4
−0.5 34.9(29)

M4 ! -SS 5.8+0 .7
−0.9 2.5+0 .2

−0.2 0.62 (frozen) 0 (frozen) > 94 0.5+0 .2
−0.1 45.6(29)

Ð 18 Ð
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Fig. 2.Ñ χ2 versus o! set radius Rs, for our best-Þtting model A. χ2s are for 1 interesting parameter, i.e.
for normalizing density n0, core radiusRc and β-index, frozen to their best-Þtting values (Table 2), versus
the fourth parameter of the model, the o! set radius Rs. The sharp minimum at 5.6 kpc shows that values
of Rs lower than Rs ! 3 kpc (χ2/dof ! 100/ 27) and higher than Rs ! 8 kpc (χ2/dof ! 150/ 27) are clearly
ruled out at high conÞdence

Model A: peak density at 6 kpc 
Model B: empty central 6-kpc sphere 
P(A;M4) = 99.8% ; P(A;M3) = 91.3% 



Why an Offset Radius? 
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OVII Emission Measure 

¥  In 1-sr around l=900, b=600: EM =  0.0125 cm-6 pc (McCammon+02)  

 
 
¥  Toward the Galactic Center at |b|<200 and across the Fermi Bubbles: 

EM = (0.08-0.3) cm-6 pc (Kataoka+15) 
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3.4. Best Fitting Models A versus B

Model A is able to better reproduce the observed spread of OVII column densities
along HGL lines of sight, compared to model B, which however (by construction) reproduces

better the observed LGL columns. The actual solution lies probably in between models A
and B. However looking for such compromising solution implies leaving the three parameters

of the flattened exponential disk component free to vary simultaneously with those of the
halo component, resulting in a minimum of 7 varying parameters. This makes the model
too complex relatively to the quality of the data that we dispose, and its parameters too

degenerate. The result is that the central density of the disk component is pegged to zero
during the fitting procedure, and the solution reduces to the single-component best-fitting

model A.

3.5. Emission Measures

Our best-fitting models A and, to a lesser extent, B also reproduce well the Emission
Measure at high Galactic latitudes and towards the Galactic center. In a 1-steradian wide
region of the sky around l = 900, b = 600, McCammon and collaborators (2002) measure EM

= 0.0125 cm! 6 pc, while our models predict EM(A;|b| ! 600; 300 < l < 1500)= 0.013+0.022
! 0.009

cm! 6 pc and EM(B;|b| ! 600; 300 < l < 1500)= 0.005+0.012
! 0.003 cm! 6 pc. Spatially resolved,

absorbed (i.e. non local) X-ray emission is also clearly seen in a vast region around the
Galactic center (e.g. Kataoka et al., 2015 and references therein; see also ¤4), with EM
spanning values between (0.08-0.3) cm! 6 pc at |b| < 200 (Kataoka et al., 2015). In the same

region our models A and B predict EM(A;|b| " 200; 3400 < l < 200)= 0.4+0.1
! 0.2 cm! 6 pc and

EM(B;|b| " 200; 3400 < l < 200)= 0.03+0.03
! 0.01 cm! 6 pc, consistent, within the uncertainties,

with the upper and lower boundaries of the observed interval, respectively, suggesting again
that the actual solution lies somewhere in between models A and B.

3.6. Measurement of Halo Extent and Mass

From our best-fitting models we derive total hot baryon masses in the ranges MHot (A) =
0.2+0.3

! 0.1 # 1011 M" and MHot (B) = 1.3+2.1
! 0.7 # 1011 M" (Table 2). These masses are > 10 times

larger than those obtained by fitting the HGL sample only (Table 1). This is due to the
flatness of the best-fitting density profiles (Table 2): in model A, β $ 2/3, which implies

n(R) $ R! 2, as in a simple isothermal sphere, while model B has an even flatter profile,
with β $ 1/3, i.e. similar to those obtained by imposing hydrostatic equilibrium of the hot
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The 6-kpc Central ÒCavityÓ  
(other pieces of evidence) 

¥  Size and shape similar to ÒFermi BubblesÓ (gamma-rays) 
and Plank Haze (microwave): Dobler+10; Su+10 

¥  Seen in H! and IR emission: Bland-Hawthorn+03 
¥  Seen in modulation of X-ray EM across edges of Fermi 

Bubbles: Kataoka+15 

¥  Resolved in moderate-ionization Òdouble-peakedÓ (near- 
and far-side of the bubble) metal absorption suggesting 
expansion v$1000 km/s: Fox+15 
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A Distant Echo of Central Activity 
¥  A fast moving ÒpistonÓ powered by a period of activity 

of our supermassive black hole moves outwards and 
compresses the ambient gas while pushing (a fraction 
of) it outwards (i.e. Dav•+11; Faucher-Gigu•re & Quataert, 2012, Lapi+05) 

¥  Nuclear energy-conserving outflows with vin$10000 
km/s produce shock traveling at vs$1000 km/s (Faucher-
Gigu•re & Quataert, 2012) 

¥  At this rate it would take 6 Myrs for the OVII-traced 
shock to reach its current position at 6 kpc 

¥  (6 ± 2) Myr is also the age of 2 stellar disks in the 
innermost 0.2 pc of the Milky Way, thought to be a 
relic of a gaseous accretion disk (Paumard+06; Levin, Beloborodov 03) 
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Checking the Energetic 

For a simple isothermal sphere &M/M $ 1/2&E/E 
(Lapi+05) 
                                  !   
 
For THot$(0.6-1)x106 K !  E$(0.1-0.4)x1059 ergs 

 !  &E$(0.1-4)x1057 ergs = 1/2&M<v2>  
  !  <v>$150-1400 km/s 

     &E<<EAGN(&t=4-8 Myr)$(2.5-5)x1058 ergs 
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2005), during a recent period of its activity. Faucher-Gigure & Quataert (2012) study the
property of galactic winds driven by active galactic nuclei, and show that energy-conserving
outßows with initial velocity vin > 10000 km s! 1, can move in the ambient medium producing
shocked wind bubbles that expand at velocities ofvs ! 1000 km s! 1 into the host galaxy.
If the observed OVII-bearing bubble in our Galaxy is tracing one of such shocks generated
by our central supermassive black hole during a period of strong activity then, at a speed
of 1000 km s! 1, the expanding shell would have taken 6 Myrs to reach its current radius
of 6 kpc. Interestingly, (6± 2) Myr is also the age estimated for the two disks of young
stars present in the central parsec of our Galaxy that are thought to be a relic of a gaseous
accretion disk that provided fuel for AGN-like activity of our central black hole about 6 Myr
ago (Paumard et al., 2006; Levin & Beloborodov, 2003).

Approaching to the problem from the opposite side, from simple considerations based
on the energetic of such AGN outßows and the feedback between these and the surrounding
ambient medium (e.g. Lapi, Cavaliere & Menci, 2005), we can estimate the average velocity
of the blast wave. According to Lapi, Cavaliere & Menci (2005), andfor a simple isothermal
sphere, the mass contrast between the gas contained in the bubble and the total hot gas
mass within one virial radius, equals about half of the energy contrast ! E/E between the
kinetic energy in the outßow (provided by the central AGN) and thetotal energy residing
in the equilibrium hot gas. From our best-Þtting model A (whose density proÞle decreases
as in a simple isothermal sphere) the amount of gas currently contained in the bubble is
MBubble = 3.4+1 .8

! 1.3 " 108 M" . The contrast between this mass and the hot baryon masses
Þlling a virial-radius sphere is then in the range (! M/M )Bubble ! 0.005# 0.05. Thus the
energy contrast is! E/E ! 0.01 # 0.1. The total energy in the equilibrium hot gas is
E ! 2 " 1061((kTHot )/keV )5/ 2 ergs (Lapi, Cavaliere & Menci, 2005), whereTHot is the
temperature of the gas, which we assume in the rangeTHot ! (0.6 # 1) " 106 K (where
the OVII fraction peaks in gas in collisional equilibrium). Thus,E ! (0.1 # 0.4) " 1059

ergs, and! E ! (0.1 # 4) " 1057 ergs ! 1/ 2! M v2
s which givesvs ! 150# 1400 km s! 1,

in good agreement with thevs = 1000 km s! 1 needed to take the shock front from the
Galaxy center to its current position ofRs ! 6 kpc, in 6 Myr. We also note that the above
estimate of the kinetic energy of the outßow,! E ! (0.1 # 4) " 1057 ergs, is signiÞcantly
lower than (and so fully consistent with) the maximum amount of energy that can be made
available from our Galactic nuclear black hole (MBH = 4.3 " 106 M" (Gillessen et al., 2009)
by accreting at its Eddington limit for a period of 4-8 Myrs (limit imposedby the age of
the two central star disks, under the assumption that they are relics of the gaseous accretion
disk): EAGN (! t = 4 # 8Myrs ) ! (2.5 # 5) " 1058 ergs.

The OVII bubble mass can also be used to evaluate the outßow rate needed for the AGN
to deploy such an amount of mass at 6 kpc from the nucleus. Again, assuming a 4-8 Myrs
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2005), during a recent period of its activity. Faucher-Gigure & Quataert (2012) study the

property of galactic winds driven by active galactic nuclei, and show that energy-conserving
outflows with initial velocity vin > 10000 km s! 1, can move in the ambient medium producing
shocked wind bubbles that expand at velocities of vs ! 1000 km s! 1 into the host galaxy.

If the observed OVII-bearing bubble in our Galaxy is tracing one of such shocks generated
by our central supermassive black hole during a period of strong activity then, at a speed

of 1000 km s! 1, the expanding shell would have taken 6 Myrs to reach its current radius
of 6 kpc. Interestingly, (6 ± 2) Myr is also the age estimated for the two disks of young

stars present in the central parsec of our Galaxy that are thought to be a relic of a gaseous
accretion disk that provided fuel for AGN-like activity of our central black hole about 6 Myr
ago (Paumard et al., 2006; Levin & Beloborodov, 2003).

Approaching to the problem from the opposite side, from simple considerations based

on the energetic of such AGN outflows and the feedback between these and the surrounding
ambient medium (e.g. Lapi, Cavaliere & Menci, 2005), we can estimate the average velocity
of the blast wave. According to Lapi, Cavaliere & Menci (2005), and for a simple isothermal

sphere, the mass contrast between the gas contained in the bubble and the total hot gas
mass within one virial radius, equals about half of the energy contrast ! E/E between the

kinetic energy in the outflow (provided by the central AGN) and the total energy residing
in the equilibrium hot gas. From our best-fitting model A (whose density profile decreases

as in a simple isothermal sphere) the amount of gas currently contained in the bubble is
MBubble = 3.4+1 .8

! 1.3 " 108 M" . The contrast between this mass and the hot baryon masses
filling a virial-radius sphere is then in the range (! M/M)Bubble ! 0.005 # 0.05. Thus the

energy contrast is ! E/E ! 0.01 # 0.1. The total energy in the equilibrium hot gas is
E ! 2 " 1061((kTHot)/keV )5/2 ergs (Lapi, Cavaliere & Menci, 2005), where THot is the

temperature of the gas, which we assume in the range THot ! (0.6 # 1) " 106 K (where
the OVII fraction peaks in gas in collisional equilibrium). Thus, E ! (0.1 # 0.4) " 1059

ergs, and ! E ! (0.1 # 4) " 1057 ergs ! 1/2! Mv2
s which gives vs ! 150 # 1400 km s! 1,

in good agreement with the vs = 1000 km s! 1 needed to take the shock front from the
Galaxy center to its current position of Rs ! 6 kpc, in 6 Myr. We also note that the above

estimate of the kinetic energy of the outflow, ! E ! (0.1 # 4) " 1057 ergs, is significantly
lower than (and so fully consistent with) the maximum amount of energy that can be made

available from our Galactic nuclear black hole (MBH = 4.3 " 106 M" (Gillessen et al., 2009)
by accreting at its Eddington limit for a period of 4-8 Myrs (limit imposed by the age of
the two central star disks, under the assumption that they are relics of the gaseous accretion

disk): EAGN(! t = 4 # 8Myrs) ! (2.5 # 5) " 1058 ergs.

The OVII bubble mass can also be used to evaluate the outflow rate needed for the AGN
to deploy such an amount of mass at 6 kpc from the nucleus. Again, assuming a 4-8 Myrs



Closing the GalaxyÕs Baryon Census 

5/25/16 Vulcano Workshop 2016 (F. Nicastro) 17 

– 19 –

0 100 200 300

1

1.5

2

2.5

3

Closes the Milky Way

Baryon Census

Fig. 3.— Total baryonic mass of the Milky Way as a function of the distance from the center. Blue and
dark shaded regions show the 90% conÞdence interval of Milky Way total (i.e. visible + hot gas) baryon
mass as derived from our best-Þtting models A (black) and B (blue) and integrated over the Galactic radius
from R=0 up to 1.2 virial radii (the dashed red vertical line indicates 1 Galaxys virial radius). The green
shaded region highlights the range of baryon mass needed to close the Galaxys baryon census. At 1.2 virial
radii, model A predicts a mass that is still 25% less than the minimum needed to close the baryon census,
while the ßatter density proÞle model B accounts for all the neededbaryon mass already at R=0.6 virial
radii. Likely the actual solution lies in between models A and B.

Model A 

Model B 

Sizes:  
R(A)>61 kpc 
R(B)>190 kpc 

 
Masses at Rvir:  

M(A)=(0.2+0.3
-0.1)x1011 M" 

M(A)=(1.3+2.1
-0.7)x1011 M" 

 
 

Actual Solution probably in between 
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Conclusions 
¥  Million-degree Gas permeates both the Disk and Halo 

of our Galaxy 
 
¥  A spherically symmetric structure  in the density 

profile of the million-degree halo gas tracks the 
current position of a shock-front generated 6 Million 
years ago by an energetic outflow powered by an 
AGN-like accretion episode 

 
¥  The Mass of the OVII-bearing Gas may be sufficient 

to close the GalaxyÕs Baryon Census 
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