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Circumgalactic	Medium	
																			CGM

The	CGM	may	solve	the	missing	baryon	problem	
The	observed	baryons	in	a	typical	galaxy	only	
account	for	<20%	of	the	baryonic	allotment!
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Problems:	Galaxy	Formation	in	LCDM
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Figure 2
Four important problems in galaxy evolution viewed with respect to M ⋆. (a) The gas depletion timescale
τdep ∼ M gas/Ṁ sfr for star-forming galaxies at z ∼ 0, with M gas from Peeples et al. (2014) and Ṁ sfr from
Whitaker et al. (2012); the shading denotes ±0.15 dex scatter in Ṁ sfr. (b) The galaxy bimodality in terms of
M ⋆ and specific SFR (Schiminovich et al. 2010). (c) The galactic baryon fraction, M ⋆/[(#b/#m)M halo] from
Behroozi et al. (2010), with stars in red and interstellar gas in blue. (d ) The “retained metals fraction,” metals
for several galactic components relative to all the metals a galaxy has produced, with stars in red, interstellar
gas in blue, and interstellar dust in orange. Adapted from Peeples et al. (2014) with permission. Vertical bars
mark the properties of sub-L∗, L∗, and super-L∗ galaxies at log M ⋆/M⊙ = 9.5 (blue), 10.5 ( green), and
11.0 (red ), respectively. Abbreviation: SFR, star-formation rate.
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Stars	and	AGNs	are	major	energy	sources	for	
the	heating,	ionization,	enrichment	of	IGM,	
ICM,	and	CGM,	which	also	in	turn	affect	galaxy	
formation.
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ON A POSSIBLE INTERSTELLAR GALACTIC CORONA* 

Lyman Spitzer, Jr. 
Princeton University Observatory 

Received March 24, 1956 

ABSTRACT 
The physical conditions in a possible interstellar galactic corona are analyzed Pressure equilibrium 

between such a rarefied, high-temperature gas and normal interstellar clouds would account for the 
existence of such clouds far from the galactic plane and would facilitate the equilibrium of spiral arms in 
the presence of strong magnetic fields. Observations of radio noise also suggest such a corona. 

At a temperature of 106 degrees K, the electron density in the corona would be 5 X 10-4/cni3; the 
extension perpendicular to the galactic plane, 8000 pc; the total number of electrons in a column per- 
pendicular to the galactic plane, about 2 X 1019/cm2; the total mass, about 108 Af o* The mean free path 
would be 4 pc, but the radius of gyration even in a field of 10-15 gauss would be a small fraction of this. 
Such a corona is apparently not observable optically except by absorption measures shortward of 2000 A. 

Radiative cooling at 106 degrees would dissipate the assumed thermal energy in about 109 years. 
Cooling by conduction can apparently be ignored, especially since a chaotic magnetic field of only 10“15 

gauss will sharply reduce the thermal conductivity At 3 X 106 degrees, near the maximum value con- 
sistent with confinement by the Galaxy’s gravitational field, radiative cooling is unimportant, and a 
corona at this temperature might be primeval. The energy source needed at the lower temperatures may 
be provided by material ejected at high speed from stars or possibly by compressional waves produced 
by the observed moving clouds Condensation of cool matter from the corona may perhaps account 
for the formation of new spiral arms as the old ones dissipate. 

Within recent years it has become well established that interstellar gas clouds are 
found within the “spiral” arms of our Galaxy. Interstellar absorption lines, H n regions 
around early-type stars, and the 21-cm line of neutral hydrogen all give concordant 
evidence. The mean density of hydrogen atoms within a spiral arm appears to be about 
1/cm3. However, the density distribution is nonuniform. According to the present 
picture—summarized by Spitzer (1954)—within a typical cloud of neutral hydrogen, 
where the temperature is about 100° K, the density is about 10 atoms/cm3, as shown by 
Strömgren (1948). Between the clouds the density is less by a factor of perhaps 100, 
and the temperature is presumably greater by the same factor. The interstellar gas may 
be assumed to be at a nearly uniform pressure within the galactic plane, this pressure 
amounting to 10“13 dynes/cm2. 

The possible presence of gas elsewhere in the Galaxy—between the spiral arms and 
at a great distance from the galactic plane—has not been discussed in detail, largely be- 
cause of a virtually complete lack of observational information. However, there are a 
number of observations which suggest that gas may actually be present far from the 
galactic plane. The present paper provides a brief theoretical discussion of such an 
“interstellar galactic corona,” the reasons for suspecting its presence, its density and 
kinetic temperature, and its possible importance in the origin of spiral arms and in other 
contexts as well. At the present time, only a preliminary and tentative analysis is appro- 
priate in so new a field. Hence no great precision is needed, and no firm conclusions can 
be drawn. 

I. OBSERVATIONAL EVIDENCE 
The evidence indicating the possible presence of an interstellar galactic corona is of 

two types. First, the analysis of normal interstellar clouds indicates that regions outside 
the arms may be permeated by a medium at a pressure about the same as that in the 

* The essential conclusions of the paper were presented to a meeting of Commission 34 (Interstellar 
Matter) of the International Astronomical Union at Dublin, Ireland, on August 31, 1955. 
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Figure 1. Hot gas profiles as a function of radius. (a) Density; (b) temperature; (c) pressure; (d) hot gas mass. The predictions from the MB model are plotted in solid
black, the DISK model in dotted blue, and NFW models with Cv = 12 (3) in red dash (dot-dash). For the DISK model, the x-axis is actually the vertical distance (z)
from the disk. The square symbols in panel (a) show estimates of the hot gas density required to explain the lack of H i in Milky Way dwarf galaxies as derived from
ram-pressure striping arguments by Grcevich & Putman (2009). The square symbols in panel (c) are derived by Stanimirović et al. (2002) and Fox et al. (2005) under
the assumption that high-velocity clouds in the Milky Way halo are pressure-confined. See the text for details.
(A color version of this figure is available in the online journal.)

2.3. Local Model: DISK

For comparison, we also calculate the hot gas distribution in
an exponential disk model, which has been favored by recent
X-ray observations. Following Yao et al. (2009b), we adopt a
vertical distribution

ρDISK
g (z) = ρ0 exp

(
− z

hρξ

)
, (5)

and

T DISK
g (z) = T0 exp

(
− z

hT ξ

)
. (6)

Here ξ is the volume filling factor and is assumed to be 1, z is
the vertical distance from the disk, ρ0 and T0 are the gas density
and temperature at the disk mid-plane, and hρ and hT are the
scale height of the hot gas density and temperature distributions,
respectively.

We set ρ0 = 1.4 × 10−3 cm−3, hρ = 2.3 kpc, T0 = 106.4 K,
and hT = 5.6 kpc based on observations of the PKS 2155-304
sight line (Hagihara et al. 2010). Yao et al. (2009a) observed
the LMC X-3 sight line and reached a similar conclusion. This
model is plotted in blue in Figure 1; the y-axis is the vertical
distance from the Galactic disk (|z|) since in the model the
density and temperature depend only on this distance.

3. OBSERVATIONAL CONSTRAINTS

3.1. Indirect Probes

One of the strongest pieces of indirect evidence for an
extended hot gas reservoir around the Galaxy comes from the
lack of gas detected in small dwarf satellite galaxies around
the Milky Way. Dwarf galaxies tend to be gas-rich unless they
are within close (∼300 kpc) proximity of a larger system, an
observation that is usually interpreted as arising from ram-
pressure stripping (Lin & Faber 1983; Moore & Davis 1994).

Recently, Grcevich & Putman (2009) examined the H i
content of the Local Group dwarf galaxies. They found a cutoff
radius of ∼270 kpc around the Milky Way or Andromeda,
below which no dwarf spheroidal galaxy contains detected
H i gas. They argued the ram-pressure stripping produced by
a hot, extended halo gas can explain the lack of the H i gas
in these dwarfs, and they constrained this gas density by the
measurements of four dwarfs, Carina, Ursa Minor, Sculptor,
and Fornax, between ∼20 and 100 kpc. The data points and
their error bars are plotted in the top left panel of Figure 1.
These measurements are much too extended to be explained
by a local disk model (blue dotted) and too low density to be
explained by the cuspy NFW models (red); they are matched
reasonably well by the MB distribution, however.

A completely distinct indication for extended hot gas comes
from studying gas clouds around the galaxy. Relying on the
Arecibo telescope, Stanimirović et al. (2002) observed the

3

Fang et al 2013

ram-pressure stripping

HVC pressure confinement
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O VII and VIII emission line strength

The Astrophysical Journal, 800:14 (19pp), 2015 February 10 Miller & Bregman

Figure 1. Flux-filtered sample of O viii (top) and O vii (bottom) emission line strengths across the sky from Henley & Shelton (2012). The dashed line represents the
observed gamma-ray emission from the Fermi bubbles (Su et al. 2010) and the shaded gray strip represents 5◦ above and below the ecliptic plane.

the original line intensity measurements assuming an APEC
thermal plasma model with measurements assuming a MEKAL
(Mewe et al. 1995) or Raymond & Smith (1977) model (see
Equation (1) in Henley & Shelton 2012). The latter accounts for
sightline-to-sightline variation in the EPL normalization param-
eter due to variable soft proton contamination and/or unresolved
sources with F 0.5− 2.0

X < 5 × 10− 14 erg cm− 2 s− 1 (Moretti et al.
2003). The total systematic error for each observation is the
combination of these two estimates in quadrature.

The final filtering procedure discussed in Henley & Shelton
(2012) applies a more restrictive constraint on residual soft
proton contamination to the emission line measurements. The
authors introduced the ratio between the total 2–5 keV band flux
(F 2− 5

total ) and the EPL flux in the same energy band (F 2− 5
exgal) as a

quantitative measure of residual soft proton contamination to the
count rates (Henley & Shelton 2010). Any observations where
this ratio was greater than 2.7 were rejected from the sample.
This decreased the number of useful observations from 2611
to 1868 for their full sample and from 1435 to 1003 for their
flux-filtered sample.

2.3. Additional Observation Screening

We apply additional screening methods to the data in order to
produce a sample that is most sensitive to the Milky Way’s hot
halo emission. These are spatial screening methods where we
discard observations that are located near possible contaminates
to the O vii and O viii emission lines. These include bright X-ray
sources in the sky and any Galactic features that show evidence
for enhanced soft X-ray emission (see Table 1 for a summary).
Although Henley & Shelton (2012) account for a range of point
source removal methods in their data reduction procedure (see

Table 1
Automated Screening Criteria

Catalog Types of Sources Screening Criteriaa

ROSAT-BSCb Any bright X-ray source >1 counts s− 1

ROSAT-RLQc Radio loud quasars F.1− 2.4
d >10− 11 erg cm− 2 s− 1

ROSAT-RQQe Radio quiet quasars F0.1− 2.4 >10− 11 erg cm− 2 s− 1

PGC 2003f Galaxies Apparent diameter >10′

MCXCg Galaxy clusters z <.1

Notes.
a Objects satisfying these criteria in their respective catalogs compose our
potential contaminant source list. All observations from the Henley & Shelton
(2012) flux-filtered sample within 0.◦5 of these objects are removed in our model
fitting procedure.
b ROSAT All-Sky Survey Bright Source Catalog (http://www.xray.mpe.mpg.de/
rosat/survey/rass-bsc/; Voges et al. 1999).
c ROSAT Radio Loud Quasar Catalog (http://heasarc.gsfc.nasa.gov/W3Browse/
rosat/rosatrlq.html; Brinkmann et al. 1997).
d 0.1–2.4 keV flux.
e ROSAT Radio Quiet Quasar Catalog (http://heasarc.gsfc.nasa.gov/W3Browse/
rosat/rosatrqq.html; Yuan et al. 1998).
f Principal Galaxy Catalog (http://leda.univ-lyon1.fr/; Paturel et al. 2003).
g Meta-Catalog of X-ray Detected Clusters of Galaxies (http://heasarc.
gsfc.nasa.gov/W3Browse/rosat/mcxc.html; Piffaretti et al. 2011).

Section 2.1), this additional screening is designed to provide a
cleaner sample of Milky Way hot halo emission.

Our automated screening discards any observations within
0.◦5 (or within the XMM-Newton field of view) of sources that
could produce soft X-rays, thus complicating the O vii or O viii
emission line measurement. We utilize several all-sky catalogs
that cover a range of astrophysical objects to generate a potential
contaminating source list. The final contaminating source list

4
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Figure 8. Our best-fit density profile as a function of galactocentric radius from
fitting the O viii observations with an optically thin plasma and assuming a gas
metallicity of 0.3 Z⊙ (red). The blue curve shows the best-fit density profile
from Miller & Bregman (2013), who analyzed O vii absorption lines with a
similar procedure to this work. The shaded regions represent the 1σ boundaries
on these values.

We compare these hot gas mass estimates to the known
baryonic and total mass of the Milky Way. The known baryonic
mass in the Milky Way (stars + cold gas + dust) is between
6–7×1010 M⊙ (Binney & Tremaine 2008). If our hot gas density
profile extends out to Rvir, the hot gas and known baryonic
masses are comparable. We can extend these mass constraints
to estimate the Milky Way’s total baryon fraction, defined here
as fb ≡ Mb/Mtot, where Mb is the total baryon mass and Mtot is
the total baryon plus DM mass. Current estimates for the Milky
Way’s virial mass have a range of 1.0–2.4 × 1012 M⊙ (Boylan-
Kolchin et al. 2013). If we account for this range of virial masses,
our range of hot gas masses from our O viii observations (with
1σ uncertainties), we estimate the Milky Way’s total baryon
fraction to be between 0.03 and 0.11. Even the upper limit of this
range (which makes numerous assumptions on the various mass
estimates involved) falls well below the cosmological baryon
fraction of fb = 0.171 ± 0.006 measured by the Wilkinson
Microwave Anisotropy Probe (Dunkley et al. 2009). This implies
that if our best-fit hot halo density profile extends to the Rvir,
it contains a significant amount of mass compared to the other
baryons in the Milky Way but does not account for all of the
Milky Way’s “missing baryons.”

It is possible our hot gas density profile extends past Rvir, thus
increasing our mass estimates. In particular, we estimate how
far our density profile would need to extend to account for all the
Milky Way’s missing baryons. The Milky Way’s virial mass, the
other known baryonic mass components (excluding the hot gas
mass), and the cosmological baryon fraction discussed above
imply a missing baryon mass of ∼2×1011 M⊙. Given the range
of assumptions made above for our hot gas mass estimates above
(gas metallicity, mass uncertainties, etc.), our halo would need to
extend between 3 and 5 Rvir to account for all of the Milky Way’s
missing baryons (J. N. Bregman et al. 2015, in preparation).

The hot mass estimates quoted in Table 2 all assume a gas
metallicity of 0.3 Z⊙ based on pulsar dispersion measurements
toward the LMC. This is a powerful constraint in our analysis
since it probes the gas properties out to the fixed distance of the
LMC, ≈50 kpc. Here we define the dispersion measure as

DM =
∫ d

0
ne(s)ds, (16)

Figure 9. Enclosed mass as a function of galactocentric radius for the same
density profiles in Figure 8. We find characteristic masses of the hot gas halo to
be 2.9–5.3 × 109 M⊙ within 50 kpc and 2.7–9.1 × 1010 M⊙ within Rvir when
we examine all of our fitting procedures.

where d is the distance to the source and ne(s) is the density
profile along the line of sight. Anderson & Bregman (2010)
examined numerous DM measurements for sources associated
with the LMC. After accounting for DM contributions from the
Milky Way’s disk and from the LMC itself, they estimated a
DM for the Milky Way’s hot halo of 23 cm−3 pc (Fang et al.
(2013) conducted a similar analysis and found similar results).
Integrating our O viii optically thin halo gas model in the LMC
direction (l, b = 273.◦57, −32.◦08) yields a DM of 8.2 cm−3 pc.
However, the calculated DM ∝ Z−1 and the line emissivity
values used in our analysis assumed Anders & Grevesse (1989)
solar abundances, or equivalently a solar metallicity. This means
that we match the hot halo DM estimate from Anderson &
Bregman (2010) if we assume a halo gas metallicity of Z =
0.3 Z⊙. This estimate assumes that our hot gas halo density
profile accounts for all of the residual DM, which may not be
the case if there are other unknown electron sources along our
line of sight. We thus present this estimate as a lower limit to
the hot halo characteristic gas metallicity, Z ! 0.3 Z⊙.

We also examine the thermal properties of the halo gas given
our range of best-fit models. Quantities such as the cooling time
and corresponding cooling radius for the halo gas offer insight
on whether or not our hot gas model is stable at this moment
in the Milky Way’s evolution. We adopt the expression for the
cooling time from Fukugita & Peebles (2006):

tcool(r) = 1.5nkT

Λ(T ,Z)ne(n–ne)
≈ 1.5kT × 1.92

Λ(T ,Z)ne × 0.92
, (17)

where Λ(T ,Z) is the bolometric cooling rate as a function
of temperature and metallicity (Sutherland & Dopita 1993).
Figure 10 shows the cooling time as a function of radius for our
best-fit O viii optically thin plasma model. The colors represent
cooling times for different metallicities and the shaded bound-
aries are calculated in the same way as the mass boundaries in
Figure 9.

One useful quantity we estimate from these cooling times is
the hot gas halo cooling radius, or where tcool = 13.6 Gyr. The
cooling radius is a potential constraint on the inner radius to our
halo profile since for tcool < 13.6 Gyr for r < rcool, implying
that the halo gas would be in a cooler phase at this point in
the Milky Way’s evolution in the absence of additional heating
sources. The dashed lines in Figure 10 show the instantaneous
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Figure 10. Impact of the gravity of the Galactic disk and bulge on the evolution of the cooling flows. We choose run 1 as
our fiducial model and present two simulations with (red) and without (blue) the impact of the Galactic disk and bulge. The
left panel shows the angle-averaged cooling timescale as a function of radius at t = 0, while the right panel shows the temporal
evolution of the mass inflow rate across the inner boundary.

Figure 11. Radial profiles of electron number density in
a variety of gas density models: the MB model, the NFW
model, the cored-NFW model, the β model, and our fiducial
model (run 1). The squares are observational constraints
adopted from Grcevich & Putman (2009).

mass within the virial radius Mg = Mmbar. As in our
fiducial model, the temperature profile is determined by
the assumption of hydrostatic equilibrium. Note that
the NFW model for the halo gas in Fang et al. (2013)
assumes a spatially constant temperature Th, and there-
fore, the hot halo gas is not strictly in a hydrostatic
equilibrium state there.
(3) The cored-NFW model assumes that the hot gas

in the halo follows the NFW model except for an inner
core, as suggested by a large suite of non-radiative cos-
mological gasdynamical simulations of galaxy clusters

in Frenk et al. (1999). Here we adopt the cored-NFW
model for the density distribution of the hot halo gas
according to Maller & Bullock (2004):

ρF(r) =
r3sρf

[r + (3/4)rs](r + rs)2
, (19)

where ρf is the normalization parameter to describe the
total gas mass within the virial radius, and we assume
Mg = Mmbar as in the above two models. The size
of the inner thermal core is 3rs/4, as also adopted in
most of our simulations (see Table 1). The temperature
profile is also solved from the assumption of hydrostatic
equilibrium. This model is very similar to the NFW
model except for a flat inner core, and is essentially the
same as our model if we choose r1 = 3rs/4 and r2 = rs
in Equation 14.
(4) The β model is often adopted to interpret the

observed X-ray surface brightness profiles of early-
type (Forman et al. 1985, O’Sullivan et al. 2003) and
late-type (Anderson & Bregman 2011, Dai et al. 2012)
galaxies. The classical β model is described as:

ρβ(r) = ρb(1 + (r/rc)
2)−3β/2 , (20)

where ρb is the central density, rc is the core radius,
and typically rc ! 5 kpc. Following Miller & Bregman
(2015), we simplify the β model to a simple power law
as r > rc in most regions:

ρβ(r) ≈
ρbr3βc
r3β

, (21)

We adopt the best-fit values of the model parameters
β = 0.5 and ρbr3βc from Miller & Bregman (2015). With
these parameters, the total gas mass within the virial

Tout = 4 × 105 K, which has little impact on the derived temperature profile in the inner region
r ! 50 kpc (See Supplemenatary figure 1).

The β model. For comparison, we also consider the β model for the density profile of the halo
gas

ρ(r) = ρ0(1 + (r/rc)
2)−3β/2 , (12)

where ρ0 is the core density, rc is the core radius, and −3β is the slope of the profile at large

radii. In this paper, we follow recent X-ray observations3, 7 and adopt β = 0.5. Similar to our
density model (Equation 11), the density normalization of the β model is determined by assuming

ne = 9.3 × 10−5 cm−3 at r = 59 kpc, and the gas temperature at rout = 300 kpc is taken to be
Tout = 4×105 K. Several representative density and temperature profiles of the β model are shown
in Supplementary figure 2. Note that the model with rc = 0.1 kpc is essentially the same as the

power-law profile (ρ ∝ r−1.5) frequently used in X-ray studies of the MW corona3, 7 for the radial
range shown in this figure.

Data availability. The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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r1	=	3rs/4		(inner	core	from	cosmological	simulations)	

r2	=	rs					cored-NFW	profile	

r2	=	100,	200,	300	kpc;	impact	of	feedback

Guo et al, 2020;  Fang et al 2020

Baryonic physics is expected to affect the dark matter distribution, potentially causing con-
traction or expansion of the dark matter halo19–21. In addition to our default NFW total matter
distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
tribution with Mcold = 6 × 1010M⊙. For simplicity, we adopt a spherically-symmetric Hernquist

profile28 to approximate the spatial density distribution of the cold baryonic matter, which corre-
sponds to a gravitational potential

Φcold = −
GMcold

r + a
. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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symbols)8, 10, and have been further used to constrain cosmological parameters6, 7. Hydrodynamic
simulations suggest that non-thermal pressure support from radial and rotating bulk motions, tur-
bulent motions, cosmic rays, and magnetic fields typically causes an underestimate of the real

cluster mass by about 10 − 20%11, 12, but recent X-ray observations13 imply a substantially lower
non-thermal pressure fraction fnt ∼ 6−10%, suggesting the potential importance of subtle micro-

physical processes such as physical and turbulent viscosity in dissipation and angular momentum
transport14.

Mounting multi-wavelength observations indicate that there exists a hot corona surrounding
our MW, possibly extending to its virial radius and accounting for a substantial fraction of the

missing baryons of the MW1, 15, 16. However, X-ray observations of the MW corona have not yet
been used to measure Mvir, partly due to the low corona density and surface brightness. Further-
more, our special location near the center of the MW halo makes it very difficult, if possible, to

measure the density and temperature gradients of the corona gas. Here we show that the available
corona measurements, mainly the corona temperature, can already put reasonably good constraints
on Mvir. Throughout this paper, Mvir refers to the total mass enclosed within rvir, which is defined

as the radius within which the mean matter density equals 200 times the critical density of the
universe.

The virial theorem provides a very crude estimate of the corona temperature at rvir: Tvir ∼
5×105(Mvir/1012M⊙)2/3 K. At r < rvir, T further rises due to adiabatic compression and heatings

by turbulence, shocks, stellar feedback and active galactic nucleus (AGN) feedback. However,
if the gas temperature is too high, the MW gravity could not hold the gas for a given density

distribution, leading to the corona expansion and a decrease in temperature. This argument is
manifested in a generalized HSE equation dP/dr = −(1−fnt)GρM(< r)/r2, where fnt represents
the impact of non-thermal pressure support, which may also be written as

−
d lnT

d lnr
−

d lnρ

d lnr
= (1− fnt)

µmµ

kBT

GM(< r)

r
. (1)

Following any disturbance on scale L, the corona will return back to the HSE quickly after a sound

crossing time ts ≡ L/cs ∼ 4.6(L/1 kpc)(T/2 × 106 K)−0.5 Myr. We adopt the NFW profile17

for the MW total matter distribution and a physically-motivated density profile for the corona (see
Methods). The radial temperature profile of the corona can thus be solved from the HSE equation.

We first consider models with the frequently-adopted MW mass Mvir = 1012M⊙
1, 2, corre-

sponding to rvir = 207 kpc, a concentration c = 6.36 according to Equation (8), and a scale radius
rs ≡ rvir/c = 32.5 kpc (see Methods). The left panel of Fig. 1 shows radial profiles of thermal
electron number density and temperature in five representative HSE models with varying values

of r2 from 100 to 300 kpc and fnt from 0 to 0.2. Here r2 is a key parameter in our corona density
distribution (Methods). As r2 increases, the hot gas is distributed more extendedly and its slope

drops. According to Equation (1), the temperature slope increases, leading to an increase in the
gas temperature in the inner region. Similarly, an increase in fnt leads to a decrease in the gas
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Baryonic physics is expected to affect the dark matter distribution, potentially causing con-
traction or expansion of the dark matter halo19–21. In addition to our default NFW total matter
distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
tribution with Mcold = 6 × 1010M⊙. For simplicity, we adopt a spherically-symmetric Hernquist

profile28 to approximate the spatial density distribution of the cold baryonic matter, which corre-
sponds to a gravitational potential

Φcold = −
GMcold

r + a
. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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transport14.

Mounting multi-wavelength observations indicate that there exists a hot corona surrounding
our MW, possibly extending to its virial radius and accounting for a substantial fraction of the

missing baryons of the MW1, 15, 16. However, X-ray observations of the MW corona have not yet
been used to measure Mvir, partly due to the low corona density and surface brightness. Further-
more, our special location near the center of the MW halo makes it very difficult, if possible, to

measure the density and temperature gradients of the corona gas. Here we show that the available
corona measurements, mainly the corona temperature, can already put reasonably good constraints
on Mvir. Throughout this paper, Mvir refers to the total mass enclosed within rvir, which is defined

as the radius within which the mean matter density equals 200 times the critical density of the
universe.

The virial theorem provides a very crude estimate of the corona temperature at rvir: Tvir ∼
5×105(Mvir/1012M⊙)2/3 K. At r < rvir, T further rises due to adiabatic compression and heatings

by turbulence, shocks, stellar feedback and active galactic nucleus (AGN) feedback. However,
if the gas temperature is too high, the MW gravity could not hold the gas for a given density

distribution, leading to the corona expansion and a decrease in temperature. This argument is
manifested in a generalized HSE equation dP/dr = −(1−fnt)GρM(< r)/r2, where fnt represents
the impact of non-thermal pressure support, which may also be written as

−
d lnT

d lnr
−

d lnρ

d lnr
= (1− fnt)

µmµ

kBT

GM(< r)

r
. (1)

Following any disturbance on scale L, the corona will return back to the HSE quickly after a sound
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crossing time ts ≡ L/cs ∼ 4.6(L/1 kpc)(T/2 × 106 K)−0.5 Myr. We adopt the NFW profile17

for the MW total matter distribution and a physically-motivated density profile for the corona (see
Methods). The radial temperature profile of the corona can thus be solved from the HSE equation.

We first consider models with the frequently-adopted MW mass Mvir = 1012M⊙
1, 2, corre-

sponding to rvir = 207 kpc, a concentration c = 6.36 according to Equation (8), and a scale radius
rs ≡ rvir/c = 32.5 kpc (see Methods). The left panel of Fig. 1 shows radial profiles of thermal
electron number density and temperature in five representative HSE models with varying values

of r2 from 100 to 300 kpc and fnt from 0 to 0.2. Here r2 is a key parameter in our corona density
distribution (Methods). As r2 increases, the hot gas is distributed more extendedly and its slope

drops. According to Equation (1), the temperature slope increases, leading to an increase in the
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equilibrium gas temperature distribution, while its impact on our model density profile (Eq. 11) is
negligible. As Mvir increases from 1012M⊙ to 2 × 1012M⊙, the central gas temperature roughly
increases from 2×106 keV to 3×106 K. The radial density distribution of the corona, characterized

by the model parameter r2, plays a minor role in determining the derived equilibrium temperature
distribution, as seen in the left panel of Fig. 1. Although the total corona mass has not yet been

well constrained by observations1, 2, it has no impact on the derived temperature profile, as the HSE
equation (Eq. 1) is scale free with respect to density.

Figure 2 Line-of-sight averaged gas temperature distribution Tem in Galactic co-
ordinates. Left: Tem in a representative model with Mvir = 1.60 × 1012M⊙, fnt = 0, and
r2 = 200 kpc. Tem(l, b) is weighed by 0.5−2.0 keV X-ray emission, and averaged along indi-
vidual sight lines from the Earth to a distance of 240 kpc. The presented model results in a
characteristic value of Tem along l = 90◦ equal to the median temperature 2.22× 106 K ob-
served in ref.4. The temperature is quite uniform along different sight lines, varying roughly
within Tem ≈ 2.1-2.5 × 106 K and increasing slightly toward the Galactic Centre (GC). In
reality, the gas temperature along the sight lines toward the GC region is expected to
be significantly affected by Galactic feedback processes, such as the Fermi bubbles20–22.
Right: Dependence of Tem on Mvir. Here Tem is shown as a function of Galactic longitude
at three Galactic latitudes b = 30◦ (solid), 60◦ (dotted), and 80◦ (dashed). The top green,
middle cyan, and bottom black lines refer to models with varying virial masses of the MW:
Mvir = 2 × 1012M⊙, 1.5 × 1012M⊙, 1012M⊙, respectively. Default values of fnt = 0 and
r2 = 200 kpc are adopted in all these models.

A comparison between the predicted halo gas temperature with the observed value can thus
be used to constrain the MW mass Mvir. To this end, we adopt the Astrophysical Plasma Emis-

sion Code (APEC)23, 24 to calculate the average gas temperatures Tem along individual sight lines
weighted by the 0.5 − 2.0 keV X-ray emission. We assume that the hot gas is optically thin and
under collisional ionization equilibrium, and the gas metallicity is Z = 0.3Z⊙. The line-of-sight

averaged gas temperature can be calculated as follows:

Tem(l, b) =

∫

los
nenHT ϵ(T, Z)dR

∫

los
nenHϵ(T, Z)dR

, (2)

4where ϵ(T, Z) is the 0.5−2.0 keV X-ray emissivity of the hot gas, and l and b refer to the Galactic
longitude and latitude, respectively. The distance R of each gas element to the Earth is related to
its Galactocentric distance r via r2 = R2 + R2

⊙ − 2R⊙R cos l cos b, where R⊙ = 8.5 kpc is the

distance between the Earth and the GC. Along each line of sight, the integration in Equation (2) is
done to a distance of 240 kpc from the Earth.

Although the gas temperature T (r) drops substantially along the radial direction in our mod-
els (see Fig. 1), the line-of-sight averaged temperature Tem varies very little across different sight

lines (typically < 10% at|b| > 30◦), as clearly illustrated in Fig. 2. This is merely due to the fact
that T (r) is spherically-symmetric and R⊙ is very small compared to the halo size, and this is also

consistent with the observed fairly uniform gas temperature Tobs ∼ 0.2 keV in both Suzaku3 and
XMM-Newton observations4. The right panel of Fig. 2 shows the variations of Tem as a function of
Galactic longitude and latitude for three models with different MW masses. It is clear that, while

Tem varies very little with Galactic latitude and longitude, it increases significantly with Mvir. Our
calculations thus indicate that the observed fairly uniform gas temperature toward different sight
lines does not preclude substantial radial variations in the corona temperature distribution.

To constrain the MW mass, we use the predicted value of Tem along l = 90◦, which as

illustrated in Fig. 2, is independent of the value of b and is roughly the mean value of Tem along
all sightlines. We first consider models with fnt = 0 and take Mvir and r2 as the two main model
parameters. For any given value of r2, we determine the value of Mvir so that the resulted Tem

along l = 90◦ equals Tobs derived in XMM-Newton observations4, which typically varies between
the lower-quartile temperature 2.01 × 106 K and upper-quartile temperature 2.64 × 106 K. We

assume that Galactic feedback processes have a substantial impact on the halo gas distribution,
resulting in 100 ! r2 ! 300 kpc (Methods). Such a gas density distribution is roughly consistent
with the β model (ρ ∝ r−1.5) suggested by observations16, 25 at Galactocentric distances of a few

tens to ∼ 200 kpc. As r2 increases, the equilibrium gas temperature increases, resulting in a
decrease in the derived value of Mvir, as clearly shown in Fig. 3. Considering a baseline model
with Tobs = 2.22 × 106 K4 and r2 = 200 kpc and the uncertainties in both Tobs and r2 described

above, we derive Mvir = 1.60+1.35
−0.41 × 1012M⊙. As shown in Fig. 3, non-thermal pressure support

leads to even higher values of Mvir, and for the baseline model, Mvir increases by ∼ 20% and 47%
if fnt = 0.1 and 0.2, respectively.
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The Milky Way (MW) mass Mvir is a fundamental quantity in astronomy. Although it has

been measured extensively, it is still uncertain to more than a factor of two due to limited

number or spatial coverage of kinematic tracers1, 2. Here we use a novel method to con-

strain Mvir based on the properties of the MW corona. We build a hydrostatic corona model

with non-thermal pressure support and a physically-motivated density profile, and derive the

temperature distribution, which depends on Mvir. While the temperature profile decreases

substantially with radius, the X-ray-emission-weighted average temperature Tem is quite uni-

form toward different sight lines, consistent with X-ray observations3, 4. Using available mea-

surements of Tem, we find that Mvir = 1.60+1.35
−0.41×1012M⊙ assuming an Navarro-Frenk-White

(NFW) total matter distribution. This estimate is independent of the uncertain total corona

mass and the gas temperature at very large radii, and is on the high mass side of current

measurements. Adopting a β model for the corona density distribution or a total matter

distribution contributed by an NFW dark matter distribution and a central cold baryonic

matter distribution leads to similar estimates of Mvir. Non-thermal pressure support, which

likely exists in the corona, leads to higher values of Mvir.

During cosmic structure formation, dark matter and baryonic particles fall into existing grav-
itational potential wells. Within the virial radius (rvir) of a gravitating halo, it is often assumed that

particles are virialized and lose memory of initial conditions, reaching a dynamical equilibrium.
Under this approximation, the halo matter distribution can be measured through the Jeans equa-
tion for collisionless particles5, such as dark matter, stars, globular clusters and satellite galaxies,

and through the hydrostatic equilibrium (HSE) equation for collisional particles such as hot gas6, 7.
The former method has been used extensively, including to measure the MW mass Mvir

1, 2, while
the latter has been used to measure the mass profiles of massive elliptical galaxies and galaxy

clusters6, 7.

X-ray observations of galaxy clusters often measure the radial temperature and density pro-
files of the hot halo gas up to about 0.5rvir8 and recently even up to rvir in some systems9. Assuming
spherical symmetry, hydrostatic masses M(< r) within a radius r can be determined from ther-

mal pressure gradients via ρ−1dP/dr = −GM(< r)/r2 (see Methods for the meanings of the

∗E-mail: fulai@shao.ac.cn
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temperature distribution, which depends on Mvir. While the temperature profile decreases
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particles are virialized and lose memory of initial conditions, reaching a dynamical equilibrium.
Under this approximation, the halo matter distribution can be measured through the Jeans equa-
tion for collisionless particles5, such as dark matter, stars, globular clusters and satellite galaxies,

and through the hydrostatic equilibrium (HSE) equation for collisional particles such as hot gas6, 7.
The former method has been used extensively, including to measure the MW mass Mvir

1, 2, while
the latter has been used to measure the mass profiles of massive elliptical galaxies and galaxy

clusters6, 7.

X-ray observations of galaxy clusters often measure the radial temperature and density pro-
files of the hot halo gas up to about 0.5rvir8 and recently even up to rvir in some systems9. Assuming
spherical symmetry, hydrostatic masses M(< r) within a radius r can be determined from ther-

mal pressure gradients via ρ−1dP/dr = −GM(< r)/r2 (see Methods for the meanings of the
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estimates of Mvir = 0.5-2 × 1012M⊙ in the literature but on the high mass side1, 2, 34, 35. If fnt =
0.1, Mvir = 1.92+1.66

−0.51 × 1012M⊙ is even higher. Our results imply that the Magellanic Clouds
and the Leo I dwarf spheroidal are bound to the MW36, 37, a large fraction of the baryons are

missing in the MW, and the “too-big-to-fail” problem still poses a serious challenge to the cold
dark matter theory38. The error bars in Mvir here come from the uncertainties in Tobs and the corona

density profile. Zoom-in cosmological simulations of MW-like galaxies are expected to improve
our understanding of the corona temperature and density distributions, potentially shrinking the
error bars. The SRG/eROSITA telescope is currently taking a sensitive full-sky X-ray survey

with X-ray spectra taken automatically along all the sightlines, which may statistically improve
the measurement of Tobs and its variations with Galactic latitude and longitude, increasing the
accuracy of the X-ray constraint on Mvir.
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Figure 1 Literature compilation of inferred virial masses for the MW. Classes of methods are marked in di↵erent colors. Measurements have been converted
to M200, assuming NFW profiles. 95% or 90% confidence regions have been converted to 1-� (68%) errors, assuming the errors are either Gaussian in linear
space if the reported upper and lower errors have comparable size, or Gaussian in log space if the upper and lower errors have very di↵erent size in linear
scale but are more comparable in log space. However, the assumption of Gaussian errors does not always hold. We just keep the original confidence regions
[110, 112, 113, 114] or decrease the errors by about 10% for a few studies based on Bayesian analysis [277]. A few measurements have considered systematic
uncertainties in their errors, for which we also keep the original errors [321, 390, 397]. The vertical dashed line at 1⇥ 1012 M�, and two vertical dotted lines at
0.5 and 2 ⇥1012 M� are plotted to guide the eye. The readers can see Appendix A for a table summarizing these measurements, as well as the enclosed masses
within fixed radii covered by tracer objects. A figure showing a subset of measurements using Gaia DR2 data are presented and discussed in Sec. 10 (Fig. 5).
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with non-thermal pressure support and a physically-motivated density profile, and derive the

temperature distribution, which depends on Mvir. While the temperature profile decreases
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measurements. Adopting a β model for the corona density distribution or a total matter
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matter distribution leads to similar estimates of Mvir. Non-thermal pressure support, which

likely exists in the corona, leads to higher values of Mvir.

During cosmic structure formation, dark matter and baryonic particles fall into existing grav-
itational potential wells. Within the virial radius (rvir) of a gravitating halo, it is often assumed that

particles are virialized and lose memory of initial conditions, reaching a dynamical equilibrium.
Under this approximation, the halo matter distribution can be measured through the Jeans equa-
tion for collisionless particles5, such as dark matter, stars, globular clusters and satellite galaxies,

and through the hydrostatic equilibrium (HSE) equation for collisional particles such as hot gas6, 7.
The former method has been used extensively, including to measure the MW mass Mvir

1, 2, while
the latter has been used to measure the mass profiles of massive elliptical galaxies and galaxy

clusters6, 7.

X-ray observations of galaxy clusters often measure the radial temperature and density pro-
files of the hot halo gas up to about 0.5rvir8 and recently even up to rvir in some systems9. Assuming
spherical symmetry, hydrostatic masses M(< r) within a radius r can be determined from ther-

mal pressure gradients via ρ−1dP/dr = −GM(< r)/r2 (see Methods for the meanings of the
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Figure 3. Evolution of the electron number density (left) and temperature (right) profiles of the hot gas in run 1. Note that a
cooling catastrophe happens between t = 100 and 200 Myr.

rate Ṁ(t) is evaluated at the inner boundary rmin = 1
kpc in our simulations,

Ṁ(t) = 2πr2min

∫ π

0

ρ(θ, t)vr(θ, t) sin θdθ. (16)

As shown in Figure 5, the mass inflow rate evolves slowly
before the cooling catastrophe. After the cooling catas-
trophe develops, the mass inflow rate increases gradually
and eventually reaches to a quasi-steady state. At very
late times, the mass inflow rate decreases slightly as the
total gas mass within our computational domain drops
due to gas inflows across the inner boundary (note that
gas inflows across the outer boundary are prohibited by
our outflow boundary condition).
It is clear from Figure 5 that the total mass of the

halo gas has a great impact on the mass inflow rate.
The higher the halo gas mass, the larger the mass inflow
rate. When Mg = Mmbar, the mass inflow rate in the
quasi-steady state approaches 50 − 60 M⊙ yr−1. Even
when Mg drops to 0.3Mmbar as in run 3, the final mass
inflow rate is still about 5 M⊙ yr−1. These inflows bring
cold gas to central regions of the Galaxy, and could thus
significantly enhance the star formation rate (SFR) in
the MW. If the gas mass in the Galactic halo is very
low, say, only about one tenth of the missing baryons in
the MW as in run 4, the gas cooling time is then very
longer (> 2 Gyr; see Figure 4), and the gas inflow rate
at around 1 Gyr only reaches about Ṁ ∼ 10−5M⊙ yr−1.
It is widely believed that the current ob-

served SFR in the MW is about 1 − 2 M⊙ yr−1

(Robitaille & Whitney 2010; Chomiuk & Povich
2011). Recent observations suggest that the
bulk of the stars at the GC were formed at least
8 Gyr ago, and the star formation activity there
was very quiescent during most times of the
past 8 Gyr (Nogueras-Lara et al. 2019). The low

Figure 4. Cooling timescales of the hot gas in four of our
simulations with different values of the initial halo gas mass
Mg. The blue solid, green dashed, orange dotted and red dot-
dashed lines correspond to runs 1, 2, 3 and 4 with the corre-
sponding total gas masses Mg = Mmbar, 0.5Mmbar, 0.3Mmbar

and 0.1Mmbar, respectively.

SFR in the MW and particularly the long-term
low level of star formation activity at the GC
indicate that there must be additional heating
sources in the MW to suppress cooling flows, un-
less the total mass of the halo gas is very small
Mg ! 0.1Mmbar, which results in inefficient gas
cooling.

3.3. Impact of the Gas Density Distribution

Mg determines the total mass of the halo gas, while
the gas density distribution is also affected by the pa-
rameters r1, r2, α1, and α2, as shown in Equation (14).
Here r1 < r2 and α2 = 3 − α1. The values of these
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Figure 1. Initial gas density profiles in our simulations as listed in Table 1. The legend in each panel shows the values of the
parameters that are different from our fiducial model (run 1). Mmbar in the left panel denotes the total mass of the missing
baryons in the MW, Mmbar = 1.0× 1011M⊙.

Figure 2. Initial gas temperature profiles in our simulations
with different values of r1, r2 and α1. Note that the temper-
ature distribution is not affected by the total gas mass Mg

and gas metallicity.

MW’s halo. The simulation starts from hydrostatic
equilibrium, and the evolution of the gas density and
temperature profiles is shown in Figure 3. From t = 0
Myr (blue line) to t = 100 Myr (green line), the gas
temperature in inner regions decreases slowly due to ra-
diative cooling, and correspondingly, the gas density in-
creases slowly. A cooling catastrophe happens sometime
between t = 100 and 200 Myr, when the gas temper-
ature within the inner several kpc drops dramatically
from ∼ 106 K to 104 K, which is the lower temperature
floor that we set artificially in our simulations. The
cooling catastrophe leads to gas inflows, resulting in a
dramatic increase in the gas density in this inner region.
At galactocentric distances of several tens kpc, the gas
density drops slightly as the gas flows to inner regions

after the cooling catastrophe. The time when the cool-
ing catastrophe happens is roughly consistent with the
initial cooling time of the gas in inner regions.
When t > 200 Myr, the gas in inner regions com-

pletely cools down, forming a cool core, and these cooled
gas may become the raw material for future star forma-
tion activities in the Galaxy. At later times, the spa-
tial size of the central cool core slowly grows with time.
This whole picture is consistent with the development of
spherically-symmetric cooling flows in galaxy clusters in
the absence of any heating sources (e.g., see Guo et al.
2018).

3.2. Impact of the Halo Gas Mass

The cooling rate of the hot gas depends sensitively on
the gas density, and the development of cooling flows
is also expected to depend on it. The normalization of
the gas density profile is described by the total halo gas
mass Mg in our model, and here we investigate its im-
pact on the gas evolution. Figure 4 shows the initial
cooling timescales tcool = e/C of the hot gas in four of
our simulations with different total gas masses. As ex-
pected, the cooling time increases with radius, as the gas
density decreases outward. At each radius, the gas cool-
ing time decreases as the value of Mg increases. When
Mg = 0.1×Mmbar in run 4, the gas cooling time exceeds
2 Gyr even in inner regions, indicating that the central
cooling catastrophe would not develop within about 2
Gyr. When Mg = Mmbar, the cooling time of the hot
gas in inner regions is about 200 Myr, consistent with
the time when the cooling catastrophe happens in run 1
(see Section 3.1).
To quantify the strength of the developed cooling

flows, we show the evolution of the mass inflow rates
in runs 1, 2, 3, and 4 in Figure 5. Here the mass inflow

Baryonic physics is expected to affect the dark matter distribution, potentially causing con-
traction or expansion of the dark matter halo19–21. In addition to our default NFW total matter
distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
tribution with Mcold = 6 × 1010M⊙. For simplicity, we adopt a spherically-symmetric Hernquist

profile28 to approximate the spatial density distribution of the cold baryonic matter, which corre-
sponds to a gravitational potential

Φcold = −
GMcold

r + a
. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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Figure 3. Evolution of the electron number density (left) and temperature (right) profiles of the hot gas in run 1. Note that a
cooling catastrophe happens between t = 100 and 200 Myr.

rate Ṁ(t) is evaluated at the inner boundary rmin = 1
kpc in our simulations,

Ṁ(t) = 2πr2min

∫ π

0

ρ(θ, t)vr(θ, t) sin θdθ. (16)

As shown in Figure 5, the mass inflow rate evolves slowly
before the cooling catastrophe. After the cooling catas-
trophe develops, the mass inflow rate increases gradually
and eventually reaches to a quasi-steady state. At very
late times, the mass inflow rate decreases slightly as the
total gas mass within our computational domain drops
due to gas inflows across the inner boundary (note that
gas inflows across the outer boundary are prohibited by
our outflow boundary condition).
It is clear from Figure 5 that the total mass of the

halo gas has a great impact on the mass inflow rate.
The higher the halo gas mass, the larger the mass inflow
rate. When Mg = Mmbar, the mass inflow rate in the
quasi-steady state approaches 50 − 60 M⊙ yr−1. Even
when Mg drops to 0.3Mmbar as in run 3, the final mass
inflow rate is still about 5 M⊙ yr−1. These inflows bring
cold gas to central regions of the Galaxy, and could thus
significantly enhance the star formation rate (SFR) in
the MW. If the gas mass in the Galactic halo is very
low, say, only about one tenth of the missing baryons in
the MW as in run 4, the gas cooling time is then very
longer (> 2 Gyr; see Figure 4), and the gas inflow rate
at around 1 Gyr only reaches about Ṁ ∼ 10−5M⊙ yr−1.
It is widely believed that the current ob-

served SFR in the MW is about 1 − 2 M⊙ yr−1

(Robitaille & Whitney 2010; Chomiuk & Povich
2011). Recent observations suggest that the
bulk of the stars at the GC were formed at least
8 Gyr ago, and the star formation activity there
was very quiescent during most times of the
past 8 Gyr (Nogueras-Lara et al. 2019). The low

Figure 4. Cooling timescales of the hot gas in four of our
simulations with different values of the initial halo gas mass
Mg. The blue solid, green dashed, orange dotted and red dot-
dashed lines correspond to runs 1, 2, 3 and 4 with the corre-
sponding total gas masses Mg = Mmbar, 0.5Mmbar, 0.3Mmbar

and 0.1Mmbar, respectively.

SFR in the MW and particularly the long-term
low level of star formation activity at the GC
indicate that there must be additional heating
sources in the MW to suppress cooling flows, un-
less the total mass of the halo gas is very small
Mg ! 0.1Mmbar, which results in inefficient gas
cooling.

3.3. Impact of the Gas Density Distribution

Mg determines the total mass of the halo gas, while
the gas density distribution is also affected by the pa-
rameters r1, r2, α1, and α2, as shown in Equation (14).
Here r1 < r2 and α2 = 3 − α1. The values of these
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Figure 5. Time evolution of the mass inflow rates across
the inner boundary in runs 1, 2, 3, and 4 with different halo
gas masses. Negative values of Ṁ indicate inflows.

parameters determine where the halo gas with the total
mass Mg is distributed radially. The density profile is
flat at r ≪ r1, scales roughly as r−α1 at r1 ≪ r ≪ r2,
and as r−3 at r ≫ r2. In this subsection we discuss the
impact of the halo structure parameters r1, r2, and α1

on the evolution of the halo gas.
Figure 6 shows the initial gas cooling timescales and

the evolution of the mass inflow rates in a series of five
simulations with different values of r1 and r2. Note that
the halo gas mass within rvir is the same in these runs,
and r1 and r2 affect where the halo gas is distributed
spatially. When the value of r1 increases from 23 kpc in
run 1 to 70 kpc in run 5, the inner thermal core expands,
resulting in a decrease in the central gas density (see
Figure 1) and an increase in the central gas cooling time
(see the left panel of Figure 6). Similarly, as the value of
r2 increases, the halo gas is distributed more extendedly,
resulting in a decrease in the central gas density (see
Figure 1) and an increase in the central gas cooling time
(see the left panel of Figure 6). Therefore, the cooling
catastrophe happens at a later time when the value of
r1 or r2 is larger, as clearly shown in the right panel of
Figure 6.
Figure 7 shows the initial gas cooling timescales and

the evolution of the mass inflow rate in two simulations
(runs 1 and 9) with different values of α1. As α1 in-
creases, the inner density core becomes stronger, result-
ing in higher central gas densities and shorter central gas
cooling times. Thus the cooling catastrophe develops at
an earlier time in run 9 with α1 = 2 than in run 1 with
α1 = 1.

In summary, for a fixed halo gas mass, the gas den-
sity distribution affects the time when the cooling catas-
trophe happens. More extendedly the halo gas is dis-
tributed, later the cooling catastrophe starts. However,
it is remarkable that the mass inflow rate after the cool-
ing flow reaches the quasi-steady state does not depend
sensitively on the values of r1, r2, and α1, as shown in
the right panels of Figures 6 and 7. On the other hand,
as discussed in Section 3.2, the mass inflow rate depends
strongly on the total halo gas mass. We note that the
gas distribution in run 8 is very extended with r2 = 5000
kpc, approaching the MB distribution, which results in
a very long central gas cooling time, and therefore the
cooling catastrophe has not yet started at t < 2 Gyr,
which explains the low mass inflow rates at t < 2 Gyr
shown in Figure 6.

3.4. Impact of Gas Metallicity

Here we investigate the impact on the evolution of the
halo gas from gas metallicity, which significantly affects
the gas cooling rate. We present our results from our
fiducial run with three different values of gas metallicity
Z = 0.1Z⊙, 0.3Z⊙, and Z⊙ in Figure 8, which shows
the initial gas cooling timescales (left panel) and the
temporal evolution of the mass inflow rate across the
inner boundary in these three runs. It is clear that the
gas cooling time decreases with increasing metallicity.
With higher gas metallicities, the cooling catastrophe
starts earlier, and the mass inflow rate in the quasi-
steady state is also larger. With Mg = Mmbar in run 1,
the final mass inflow rate increases from about 25 M⊙

yr−1 when Z = 0.1Z⊙ to about 70 M⊙ yr−1 when Z =
Z⊙. Thus, ifMg = Mmbar and Z ! 0.1Z⊙, the predicted
mass inflow rate is much larger than the observed SFR in
the MW of about 1− 2M⊙ yr−1 (Robitaille & Whitney
2010; Chomiuk & Povich 2011), indicating that heatings
from star formation or AGN activities may be important
in the Galactic halo.

3.5. Impact of the Galactic Disk and Bulge

In all the simulations presented in the previous sub-
sections, we only consider the gravity of the dark mat-
ter halo, while the contribution of the Galactic disk and
bulge to the gravity is neglected. Here we investigate the
impact of the gravity of the Galactic disk and bulge on
the evolution of the cooling flows. Note that the gravi-
tational potential of the Galactic disk is not spherically-
symmetric (see Equation 12). We choose run 1 as our
fiducial model and present two simulations with and
without the gravity of the Galactic disk and bulge. We
adopt the same spherically-symmetric initial gas den-
sity profile as in run 1, and solve the gas temperature
distribution assuming hydrostatic equilibrium.

cooling time
Mass inflow rate vs time

Baryonic physics is expected to affect the dark matter distribution, potentially causing con-
traction or expansion of the dark matter halo19–21. In addition to our default NFW total matter
distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
tribution with Mcold = 6 × 1010M⊙. For simplicity, we adopt a spherically-symmetric Hernquist

profile28 to approximate the spatial density distribution of the cold baryonic matter, which corre-
sponds to a gravitational potential

Φcold = −
GMcold

r + a
. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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Figure 6. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters r1 and r2.

Figure 7. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters α1 and α2.
Note that α2 = 3− α1.

Figure 8. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in our fiducial model (run 1) with different gas metallicities.
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Figure 6. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters r1 and r2.

Figure 7. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters α1 and α2.
Note that α2 = 3− α1.

Figure 8. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in our fiducial model (run 1) with different gas metallicities.

Baryonic physics is expected to affect the dark matter distribution, potentially causing con-
traction or expansion of the dark matter halo19–21. In addition to our default NFW total matter
distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
tribution with Mcold = 6 × 1010M⊙. For simplicity, we adopt a spherically-symmetric Hernquist

profile28 to approximate the spatial density distribution of the cold baryonic matter, which corre-
sponds to a gravitational potential

Φcold = −
GMcold

r + a
. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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distribution described above, we also consider a model where the MW total matter is contributed

by an NFW dark matter distribution with the virial mass Mvir,dm and a cold baryonic matter dis-
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sponds to a gravitational potential
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. (10)

The parameter a is chosen to be a = 1.5 kpc so that the resulting gravitational acceleration gcold ≡
dΦcold/dr fits reasonably well with that in the more realistic cold baryonic matter model in refs.12, 17

along the MW rotation axis at r ! 5 kpc (see Supplementary figure 5). The central cold baryonic
matter in the axisymmetric two-dimensional (2D) model17 includes a thin stellar disk, a thick stellar
disk, a stellar bulge, an atomic gaseous disk, and a molecular gaseous disk. As described in ref.12,

the gravitational acceleration within the central ∼ 10 kpc is dominated by the cold baryonic matter
in this model.

Our hydrostatic model for the MW corona. We assume that the hot corona gas in the MW halo

follows an analytic density distribution29

ρ(r) =
ρ0

(r + r1)α(r + r2)3−α
, (11)

where ρ0 is a constant normalization, r1 represents an inner core whose value is chosen to be
r1 = 3rs/4 (unless stated otherwise) as suggested by cosmological simulations30, and r2 represents

the impact of Galactic feedback processes on the halo gas distribution29, 31. In this paper, we mainly
consider models with α = 1, and when α = 1 and r2 = rs, Equation (11) reduces to a cored
NFW distribution, representing the case without any impact of feedback processes. Active galactic

nucleus (AGN) and stellar feedback processes in the Galaxy are expected to deposit energy and
momentum into the gaseous halo, heating the gas and pushing the halo gas outward. Thus a realistic
gas distribution in the halo is expected to have r2 > rs. Our density distribution is relatively flat at

r ≪ r1, and scales roughly as ρ ∝ r−1 at r1 ≪ r ≪ r2. At sufficiently large radii r ≫ r2, the gas
density distribution approaches to the reduced NFW distribution: ρ(r) ∝ r−3, guaranteeing that

distant regions are not substantially affected by feedback processes.

We determine the normalization of the gas density profile with the electron number density
ne = 9.3 × 10−5 cm−3 at r = 59 kpc, which is the average density from two recent estimates
based on the ram-pressure stripping models of Milky Way satellites: ne = 6.8-18.8 × 10−5 cm−3

at r = 70 ± 20 kpc from ref.8 and ne = 3.4-8.0 × 10−5 cm−3 at r = 48.2 ± 2.5 kpc from ref.9.
However, we note that the density normalization has no impact on the derived gas temperature

profile, as Equation (3) is scale free with respect to density when solving for T .

Using Equations (3), (4), (9), and (11), we solve the gas temperature profile starting from
an outer boundary rout = 300 kpc. The gas temperature at the outer boundary is assumed to be
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Figure 6. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters r1 and r2.

Figure 7. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in some of our simulations with different values of the model parameters α1 and α2.
Note that α2 = 3− α1.

Figure 8. Initial gas cooling timescales as a function of radius (left panel) and the temporal evolution of the mass inflow rate
across the inner boundary (right panel) in our fiducial model (run 1) with different gas metallicities.
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substantial impact on the halo gas distribution, resulting in 100 ! r2 ! 300 kpc (Methods). Such
a gas density distribution is roughly consistent with the β model suggested by observations3, 7 at
Galactocentric distances of a few tens to ∼ 200 kpc (Fig. 1, left panel). As r2 increases, the

gas density distribution becomes more spatially extended, and the equilibrium gas temperature in-
creases, resulting in a decrease in the derived value of Mvir, as clearly shown in Fig. 4. Considering

a baseline model with Tobs = 2.22×106 K and r2 = 200 kpc and the uncertainties in both Tobs and
r2 described above, we derive Mvir = 1.55+1.32

−0.40 × 1012M⊙, which is consistent with the estimates
of Mvir = 0.5-2× 1012M⊙ in the literature but on the high mass end1, 2, 15, 16.

For the baseline model, we have Mvir = 1.55× 1012M⊙, and subsequently, rvir = 239 kpc,

c = 6.09, rs = 39.3 kpc, and a local dark matter density at the solar position of 0.22 GeV cm−3.
The total hot gas mass within rvir is Mhot = 3.8× 1010M⊙. Taking the cold baryonic mass of the
MW to be Mcold ∼ 6× 1010M⊙

1, 17, the total baryonic mass within rvir is Mbary ∼ 9.8× 1010M⊙.

However, according to the cosmic baryon fraction fb = 0.15718, the MW’s baryonic allotment
should be Mb = fbMvir = 2.43 × 1011M⊙. Therefore, the baryonic mass missing within rvir is
Mmbary ∼ 1.45 × 1011M⊙ (about 60%), potentially residing beyond rvir or in a cool phase in the

halo.

The derived MW mass is independent of the outer gas temperature Tout. In our model, the
gas temperature is solved inwards according to hydrostatic equilibrium starting from the outer
boundary rout = 300 kpc with T = Tout, which mainly affects the gas temperature in the outer

region (see Supplementary figure 1). However, the line-of-sight average temperature Tem is mainly
determined by the inner region r ! 50 kpc. For a representative sight line toward l = 90◦ in our

baseline model, 97% of the 0.5 − 2.0 keV X-ray surface brightness is contributed by the region
R⊙ < r < 50 kpc. Within this region, Equation (3) leads to P (r) = P (rout) +

∫ rout
r ρdφ

dr dr ≈
∫ rout
r ρdφ

dr dr as P (rout) is typically lower than P (r) by two orders of magnitude due to the fast
decreasing of the gas density at large radii. Therefore, the choice of Tout does not affect the
derived value of Mvir.

We also applied our calculations to the β model of the corona density distribution. As il-

lustrated in Figure 1, the r−3/2-β model frequently used in X-ray observations3, 7 leads to an equi-
librium temperature profile decreasing inwards in the inner region (r ! 40 kpc). This can be
understood if one rewrites Equation (3) as

−
d lnT

d lnr
−

d lnρ

d lnr
=

µmµr

kBT

dΦ

dr
> 0 , (2)

which shows that the temperature slope is determined by both the potential well and the gas den-
sity slope. When the density slope −dlnρ/dlnr increases, the temperature slope −d lnT/d lnr
decreases and even becomes negative. To match Tem along the characteristic sight line (l, b) =
(90◦, 60◦) with Tobs = 2.22 × 106 K, the derived MW mass in this β model is Mvir = 5.93 ×
1012M⊙, much higher than current measurements of Mvir

1, 2. If we use a general cored-β model
(see Methods and Supplementary figure 2), the derived MW mass decreases from Mvir = 2.03 ×
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ABSTRACT

Theoretical and observational arguments suggest that there is a large amount of hot (∼ 106 K), diffuse gas residing
in the Milky Way’s halo, while its total mass and spatial distribution are still unclear. In this work, we present a
general model for the gas density distribution in the Galactic halo, and investigate the gas evolution under radiative
cooling with a series of 2D hydrodynamic simulations. We find that the mass inflow rate in the developed cooling
flow increases with gas metallicity and the total gas mass in the halo. For a fixed halo gas mass, the spatial gas
distribution affects the onset time of the cooling catastrophe, which starts earlier when the gas distribution is more
centrally-peaked, but does not substantially affect the final mass inflow rate. The gravity from the Galactic bulge and
disk affects gas properties in inner regions, but has little effect on the final inflow rate either. We confirm our results by
investigating cooling flows in several density models adopted from the literature, including the Navarro-Frenk-White
(NFW) model, the cored-NFW model, the Maller & Bullock model, and the β model. Typical mass inflow rates in
our simulations range from ∼ 5M⊙ yr−1 to ∼ 60M⊙ yr−1, and are much higher than the observed star formation rate
in our Galaxy, suggesting that stellar and active galactic nucleus feedback processes may play important roles in the
evolution of the Milky Way (MW) and MW-type galaxies.
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Figure 3. Evolution of the electron number density (left) and temperature (right) profiles of the hot gas in run 1. Note that a
cooling catastrophe happens between t = 100 and 200 Myr.

rate Ṁ(t) is evaluated at the inner boundary rmin = 1
kpc in our simulations,

Ṁ(t) = 2πr2min

∫ π

0

ρ(θ, t)vr(θ, t) sin θdθ. (16)

As shown in Figure 5, the mass inflow rate evolves slowly
before the cooling catastrophe. After the cooling catas-
trophe develops, the mass inflow rate increases gradually
and eventually reaches to a quasi-steady state. At very
late times, the mass inflow rate decreases slightly as the
total gas mass within our computational domain drops
due to gas inflows across the inner boundary (note that
gas inflows across the outer boundary are prohibited by
our outflow boundary condition).
It is clear from Figure 5 that the total mass of the

halo gas has a great impact on the mass inflow rate.
The higher the halo gas mass, the larger the mass inflow
rate. When Mg = Mmbar, the mass inflow rate in the
quasi-steady state approaches 50 − 60 M⊙ yr−1. Even
when Mg drops to 0.3Mmbar as in run 3, the final mass
inflow rate is still about 5 M⊙ yr−1. These inflows bring
cold gas to central regions of the Galaxy, and could thus
significantly enhance the star formation rate (SFR) in
the MW. If the gas mass in the Galactic halo is very
low, say, only about one tenth of the missing baryons in
the MW as in run 4, the gas cooling time is then very
longer (> 2 Gyr; see Figure 4), and the gas inflow rate
at around 1 Gyr only reaches about Ṁ ∼ 10−5M⊙ yr−1.
It is widely believed that the current ob-

served SFR in the MW is about 1 − 2 M⊙ yr−1

(Robitaille & Whitney 2010; Chomiuk & Povich
2011). Recent observations suggest that the
bulk of the stars at the GC were formed at least
8 Gyr ago, and the star formation activity there
was very quiescent during most times of the
past 8 Gyr (Nogueras-Lara et al. 2019). The low

Figure 4. Cooling timescales of the hot gas in four of our
simulations with different values of the initial halo gas mass
Mg. The blue solid, green dashed, orange dotted and red dot-
dashed lines correspond to runs 1, 2, 3 and 4 with the corre-
sponding total gas masses Mg = Mmbar, 0.5Mmbar, 0.3Mmbar

and 0.1Mmbar, respectively.

SFR in the MW and particularly the long-term
low level of star formation activity at the GC
indicate that there must be additional heating
sources in the MW to suppress cooling flows, un-
less the total mass of the halo gas is very small
Mg ! 0.1Mmbar, which results in inefficient gas
cooling.

3.3. Impact of the Gas Density Distribution

Mg determines the total mass of the halo gas, while
the gas density distribution is also affected by the pa-
rameters r1, r2, α1, and α2, as shown in Equation (14).
Here r1 < r2 and α2 = 3 − α1. The values of these
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the mass inflow rate after the cooling flow reaches the
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α1 in Equation 14), the central gas cooling time becomes
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lier. But the mass inflow rate in the developed cooling
flow does not change much if the total halo gas mass is
fixed. We also investigate the impact of the gravity from
the Galactic disk and bulge on the evolution of the halo
gas. For the same gas density distribution, the gravity
from the disk and bulge increases the equilibrium gas
temperatures in inner regions and thus delays the onset
of the central cooling catastrophe, but it does not sub-
stantially affect the final mass inflow rate in the cooling
flow.
We also investigate the development of the Galactic

cooling flow with four other gas density models adopted
from the literature: the MB model, the β model, the
NFW model, and the cored-NFW model, and confirm
our results. In the MB model, the gas distribution is
most spatially extended, and the central gas cooling time
is even longer than our simulation time of about 1.5 Gyr,
at which the cooling catastrophe has not yet started. In
the β model directly adopted from Miller & Bregman
(2015), the halo gas mass is quite low, leading to a

small mass inflow rate (Ṁ ∼ 0.02M⊙ yr−1) at the quasi-
steady state. In the NFW or the cored-NFW model,
the gas distribution is centrally peaked, resulting in a
very short onset time of the central cooling catastrophe
and the final mass inflow rate is quite large (! 50M⊙

yr−1). Future X-ray observations with higher sensitivity
and spectral resolution, particularly of nearby MW-type
galaxies, can help better constrain the spatial distribu-
tion of the hot circumgalactic medium, and the impor-
tance of cooling flows and feedback processes on the evo-
lution of MW-type galaxies.
The importance of radiative cooling in the hot

gaseous halo may also be characterized by the
radiative power within the virial radius rvir, de-
fined as
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At T ∼ 106 K, the hot gas mainly emits in ultra-
violet (UV) and soft X-rays, and the UV emis-
sion dominates. Obviously, the radiative power
Prad increases with the halo gas mass Mg and the
gas metallicity Z. For given values of Mg and Z,
Prad increases gradually as the gas density distri-
bution becomes more centrally peaked. For the
halo gas model adopted in our simulations with a
typical metallicity Z = 0.3Z⊙, Prad increases from
1.05× 1040 erg/s when Mg = 0.1Mmbar to 9.46× 1040

erg/s when Mg = 0.3Mmbar to 2.63 × 1041 erg/s
when Mg = 0.5Mmbar to 1.06 × 1042 erg/s when
Mg = Mmbar. Note that Prad ∝ M2

g for a given Z.
The hot halo gas is expected to be heated by

stellar and AGN feedback processes. Assum-
ing the Galactic supernova rate of 1.9 events
per century (Diehl et al. 2006), and a charac-
teristic energy output of 1051 erg per supernova
(Ciotti et al. 1991; Li & Tonnesen 2019), the av-
erage heating rate from supernova feedback is
about 6.03×1041 erg/s, which is more than enough
to offset radiative cooling in most models un-
less Mg ! 0.76Mmbar. The heating rate from
AGN feedback in the Galaxy is harder to con-
strain from current observations. Assuming that
AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy ev-
ery 50 Myr and the energy output from each
event is around 2× 1055 erg (Zhang & Guo 2020;
Guo & Mathews 2012), the average AGN feed-
back heating rate is 1.27 × 1040 erg/s. Although
this is much less than the average supernova
feedback heating rate, AGN feedback deposits
energy to much larger regions in the halo, poten-
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bution becomes more centrally peaked. For the
halo gas model adopted in our simulations with a
typical metallicity Z = 0.3Z⊙, Prad increases from
1.05× 1040 erg/s when Mg = 0.1Mmbar to 9.46× 1040

erg/s when Mg = 0.3Mmbar to 2.63 × 1041 erg/s
when Mg = 0.5Mmbar to 1.06 × 1042 erg/s when
Mg = Mmbar. Note that Prad ∝ M2

g for a given Z.
The hot halo gas is expected to be heated by

stellar and AGN feedback processes. Assum-
ing the Galactic supernova rate of 1.9 events
per century (Diehl et al. 2006), and a charac-
teristic energy output of 1051 erg per supernova
(Ciotti et al. 1991; Li & Tonnesen 2019), the av-
erage heating rate from supernova feedback is
about 6.03×1041 erg/s, which is more than enough
to offset radiative cooling in most models un-
less Mg ! 0.76Mmbar. The heating rate from
AGN feedback in the Galaxy is harder to con-
strain from current observations. Assuming that
AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy ev-
ery 50 Myr and the energy output from each
event is around 2× 1055 erg (Zhang & Guo 2020;
Guo & Mathews 2012), the average AGN feed-
back heating rate is 1.27 × 1040 erg/s. Although
this is much less than the average supernova
feedback heating rate, AGN feedback deposits
energy to much larger regions in the halo, poten-

The Cooling Flow Problem in the Milky Way 13

we propose a new general model for the gas density dis-
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the centrally-peaked NFW model and the very extended
MB model. By properly choosing the model parameters,
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the MB model.
We investigate the evolution of the hot gas in the

MW’s halo under radiative cooling with a series of
2D hydrodynamic simulations started from hydrostatic
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boundary of 1 kpc increases from ∼ 5 M⊙ yr−1 when
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violet (UV) and soft X-rays, and the UV emis-
sion dominates. Obviously, the radiative power
Prad increases with the halo gas mass Mg and the
gas metallicity Z. For given values of Mg and Z,
Prad increases gradually as the gas density distri-
bution becomes more centrally peaked. For the
halo gas model adopted in our simulations with a
typical metallicity Z = 0.3Z⊙, Prad increases from
1.05× 1040 erg/s when Mg = 0.1Mmbar to 9.46× 1040

erg/s when Mg = 0.3Mmbar to 2.63 × 1041 erg/s
when Mg = 0.5Mmbar to 1.06 × 1042 erg/s when
Mg = Mmbar. Note that Prad ∝ M2

g for a given Z.
The hot halo gas is expected to be heated by

stellar and AGN feedback processes. Assum-
ing the Galactic supernova rate of 1.9 events
per century (Diehl et al. 2006), and a charac-
teristic energy output of 1051 erg per supernova
(Ciotti et al. 1991; Li & Tonnesen 2019), the av-
erage heating rate from supernova feedback is
about 6.03×1041 erg/s, which is more than enough
to offset radiative cooling in most models un-
less Mg ! 0.76Mmbar. The heating rate from
AGN feedback in the Galaxy is harder to con-
strain from current observations. Assuming that
AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy ev-
ery 50 Myr and the energy output from each
event is around 2× 1055 erg (Zhang & Guo 2020;
Guo & Mathews 2012), the average AGN feed-
back heating rate is 1.27 × 1040 erg/s. Although
this is much less than the average supernova
feedback heating rate, AGN feedback deposits
energy to much larger regions in the halo, poten-

Supernova heating rate:

AGN feedback heating rate:

(1.9 SN per century)

?
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The	Fermi	
bubbles!
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The	All-sky	Fermi	View	at	E	>10	GeV

Artist’s	conception	of	Fermi	Bubbles



The	Fermi	Bubbles	in	the	Milky	Way
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Observation

Geometry
• Height: 55º; width: 45º
• centered at zero Galactic longitude 
• symmetric about the Galactic plane  
• Sharp edges
• Flat surface brightness: The surface brightness 

shows little variation over the bubbles

• The spectrum is uniform in different parts 
of the bubbles

• The spectrum is identical in both bubbles
• Harder spectrum, than the diffuse 

gamma-ray glow  throughout the sky 



The	AGN	Jet	Model	of	the	Fermi	Bubbles
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Bipolar	Jets

Fermi	Bubbles
• Guo	&	Mathews	2012;	Guo	+	2012,	ApJ
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cosmic	ray	distribution	
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produced	by	a	light	internally-supersonic	jet!

Guo et al, 2012, ApJ

Guo & Mathews,  
2012, ApJ



Guo & Mathews 2012 

A	recent	jet	event	reproduces	many	bubble	features:	location,	size,	
shape,	sharp	edges

Su, Slatyer, and Finkbeiner, 2010

Were	the	bubbles	really	produced	by	a	recent	jet	event?	

CR	particle	distribution

41



Guo & Mathews 2012 

CR	particle	distribution

What	are	the	energetics	and	age	of	the	bubble	event?

(1) Energetics	~	1055	–	1057	erg	
							Age	~	1	–	3	Myr	
							Jet	duration	~	0.1	–	0.5	Myr	
							Total	mass	that	SMBH	accreted:	
														~	100	–	10000	Msun	
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Impact	on	the	Milky	Way’s	gaseous	halo

produce	a	forward	shock	and	expansion	of	the	inner	
gaseous	halo

43

thermal	gas	density	distribution

Guo & Mathews,  
2012, ApJ



North	Polar	Spur	in	the	ROSAT	X-ray	map	
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6 GUO & MATHEWS

TABLE 1
List of Simulations

κ Rjet tjet η ejcra vjet nej
b tFermi Pcr

c Pke
c Pjet

c ṀBH
d Ejet

e

Run (cm2 s−1) (kpc) (Myr) (10−4 cm−3) (Myr) M⊙/yr (1056 erg)
A1 3× 1027 0.4 0.3 0.01 1.0 0.1c 5.68 2.06 1.43 7.09 8.60 0.015 8.13
A-diff1 3× 1028 0.4 0.3 0.01 1.0 0.1c 5.68 1.94 1.43 7.09 8.60 0.015 8.13
A-diff2 3× 1029 0.4 0.3 0.01 1.0 0.1c 5.68 1.30 1.43 7.09 8.60 0.015 8.13
A-diff3 varied 0.4 0.3 0.01 1.0 0.1c 5.68 2.06 1.43 7.09 8.60 0.015 8.13
A2 3× 1027 0.4 0.3 0.02 1.5 0.1c 11.36 1.74 2.15 14.18 16.41 0.029 15.51
A3 3× 1027 0.4 0.2 0.01 3.0 0.2c 5.68 0.86 8.58 56.75 65.48 0.11 41.25
A4 3× 1027 0.2 0.3 0.05 6.0 0.1c 28.40 2.34 2.15 8.87 11.03 0.019 10.42
B1 3× 1027 0.4 0.3 0.0001 1.0 0.1c 0.057 - 1.43 0.07 1.58 0.0028 1.49
B2 3× 1027 0.4 0.3 0.5 1.0 0.05c 284 0.89 0.72 44.33 45.08 0.079 42.6

aThe initial CR energy density in the jet base (in units of 10−9 erg cm−3).
bnej is the initial thermal electron number density in the jet base: nej = ρj/(µemµ).
cPcr, Pke, and Pjet are, respectively, the jet CR, kinetic, and total powers (in units of 1043 erg s−1). Pjet = Pke + Pcr + Pth,

where the thermal jet power Pth is much smaller than Pke and/or Pcr in our runs.
dṀBH is the corresponding accretion rate of the supermassive black hole at the GC, assuming a feedback efficiency of 10%:

ṀBH = Pjet/(0.1c2).
eEjet = Pjettjet is the energy injected by one jet during the AGN phase 0 ≤ t ≤ tjet. The total energy injected by both bipolar

jets is 2Ejet.

Fig. 2.— Central slices (16×15 kpc) of CR energy density (top panels) and electron number density (bottom panels) in logarithmic scale
in run A1 at t = 1 Myr (left panels), and t = tFermi = 2.06 Myr (right panels). Horizontal and vertical axes refer to R and z respectively,
labeled in kpc. The dotted region in each panel approximately encloses the observed north Fermi bubble. The propagation of the AGN jet,
active for only tjet = 0.3 Myr, produces a CR bubble at t = 2.06 Myr approximately matching the observed Fermi bubble. The dashed lines
in bottom panels trace the outer edge of the ROSAT X-ray ‘northern arc’ feature, and is roughly spatially coincident with the jet-induced
shock at t = 2.06 Myr.



North	Polar	Spur

ROSAT X-ray map and the bubbles
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Gamma-ray North arc

Polarized 23GHz emission by WMAP



Where	is	the	forward	shock?
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Joss Bland-Hawthorn



Where	is	the	forward	shock?
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on the inner edge of the NPS will be characteristically hotter
and more redshifted (i.e., moving at higher velocities) than
the gas toward the outer edge of the NPS.

Sembach, Savage, & Tripp (1997) have shown the
enormous potential of absorption-line UV spectroscopy
toward halo stars and active galaxies used as background
light sources. The initial work with FUSE and the Hubble
Space Telescope reveals complex ionization and kine-
matics toward 3C 273, whose sight line falls close to the
NPS. Halo clump giants and blue horizontal-branch stars
are crucial for testing the wind model. Their projected
density at V ¼ 17 is about 1 deg"2, and they can be seen
to 20 kpc. An exciting prospect is the NASA small
explorer mission SPIDR,4 due to launch in 2005. This
will map the distribution of C iv and O vi ionization
over a quarter of the sky (including NPS) at arcminute
resolution. Future observations with SPIDR may reveal
complex ionization and kinematics along and across the
NPS due to the turbulent boundary layer expected at the
wind-halo gas interface. The halo probes will need to
have distances of 10 kpc or more in order to see this
effect.

In summary, we propose that the NPS arises from limb
brightening as we look along the outer walls of the bipolar
shell from a near-field perspective.5 Furthermore, the faint
hypershell would be very difficult to detect in external gal-
axies: energetic bipolar winds may be far more common in
normal galaxies than is currently observed.

6. REVIEW

Recurrent nuclear activity.—We have presented evidence
of mass ejections from the Galactic center on scales of a few
degrees to tens of degrees. This is evident from extended
bipolar emission at mid-infrared, radio, and X-ray wave-
lengths; the three very different scales are shown together in
Figure 6. The inner shell visible in the 8.3 lm data, and
physically associated with the GCL, has a dynamical time-
scale of about 1 Myr. This compares with roughly 15 Myr
for the hypershell model of the NPS. On all scales, the
observed structures show a remarkable similarity to the
observed behavior in NGC 3079 (Cecil et al. 2001, 2002),

4 See http://www.bu.edu/spidr/noflash/overview.html.

5 This is easily verified with a fluted wineglass, initially observed at arm’s
length, that is viewed progressively closer until the vessel is just above eye
level.

50 0 -50

-50

0

50

50 0 -50

-50

0

50

(a) (b)

(c) (d)

Fig. 5.—(a) ROSAT 0.75 keV image in Galactic coordinates, centered on the Galactic center. The field shown extends over #90$ in latitude and longitude.
Labels are defined in Sofue (2000). (b) Total projected emission presented in Fig. 3b over the same angular scale as (a). Inside of the dashed ellipse, the X-ray
emission is complicated by attenuation and by bulge and disk sources. (c) Projected emission presented in Fig. 3c. The box corresponds to the field of view of
theROSAT 1.5 keV image in (d ). Bipolar X-ray emission is clearly seen#20$ above and below theGalactic plane.
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Composite



Observational	Constraints	on	the	Fermi	Bubbles
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Kataoka	et	al.(2015)	found	the	bubble	temperature	is	kT~0.30	keV		

Miller	et	al.(2016)	found	the	bubble	temperature	is	kT~0.40	keV

0.2	keV

0.4	keV

Bordoloi	et	al.(2017)	found	the	bubble	age	is	6-9	Myr	from	UV	absorption	line	
studies	of	HVCs	towards	the	bubbles.

Sgr	A∗	is	orbited	by	over	a	hundred	massive	stars	with	ages	∼	6±2	Myr

3.2. Hot Halo Model

We assume that the Milky Way’s “extended” hot gas plasma
structure is dominated by a spherical, volume-filling halo of
material extending to the virial radius, as opposed to the
alternative assumption of an exponential disk morphology with
scale height between 5 and 10 kpc. The latter structure is
believed to form from supernovae in the disk (e.g., Norman &
Ikeuchi 1989; Joung & Mac Low 2006; Hill et al. 2012) and
can reproduce X-ray absorption and emission line strengths in
several individual sight lines (Yao & Wang 2005, 2007; Yao
et al. 2009; Hagihara et al. 2010). However, numerous studies
have shown that a spherical, extended morphology due to
shock-heated gas from the Milky Way’s formation reproduces
a multitude of observations (e.g., White & Frenk 1991; Cen &
Ostriker 2006; Fukugita & Peebles 2006). These include ram-
pressure stripping of dwarf galaxies (Blitz & Robishaw 2000;
Grcevich & Putman 2009; Gatto et al. 2013), the pulsar
dispersion measure toward the Large Magellanic Cloud
(Anderson & Bregman 2010; Fang et al. 2013), and the
aggregate properties of oxygen absorption and emission lines
distributed in multiple sight lines across the sky (Bregman &
Lloyd-Davies 2007; Gupta et al. 2012; Miller & Breg-
man 2013, 2015; Faerman et al. 2016). This distribution has
been proven to reproduce most of the O VIII emission line
intensities from the XMM-Newton portion of the sample, thus
justifying its use in this modeling work.

Our parameterized density distribution follows a spherical
β-model, which assumes that the hot gas is approximately in
hydrostatic equilibrium with the Milky Way’s dark-matter
potential well. The β-model has also been used to fit X-ray
surface brightness profiles around early-type galaxies (e.g.,
O’Sullivan et al. 2003) and massive late-type galaxies (Anderson
& Bregman 2011; Dai et al. 2012; Bogdán et al. 2013a, 2013b;
Anderson et al. 2016). The model is defined as

= + b-n r n r r1 , 1o c
2 3 2( ) ( ( ) ) ( )

where r is the galactocentric radius, n◦ is the central density, rc
is the core radius (15 kpc), and β defines the slope (typically
between 0.4 and 1.0). The previous modeling by MB15 was
limited to using an approximate form of this model in the limit
where �r rc, since they specifically did not include observa-
tions near the expected rc. This resulted in constraints on a
power-law density distribution:

»
b

b
n r

n r
r

. 2o c
3

3
( ) ( )

The emission line sample in this study includes 33 sight lines
that pass within 20° of the Galactic center, so we present model
results assuming both distributions. The net effect of this will
be for the power-law model to produce more halo emission for
sight lines near the Galactic center than the usual β-model since

Figure 4. All-sky Aitoff projections (left panels) and a projection near the Fermi bubbles (right panels) of our O VIII and O VII emission line samples (top and bottom
panels respectively). The squares represent measurements from XMM-Newton (HS12), the circles represent our new Suzaku measurements, and the dashed lines
represent the Fermi bubbles’ gamma-ray edge. We use the O VIII data in our model fitting process.
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Figure 1. Density distribution of the Milky Way. Six ax-
isymmetric components are included: the Galactic bulge, the
thin and thick stellar disks, the HI and molecular gas disks,
and the NFW dark-matter halo.

Figure 2. Rotation curve along the Galactic plane for the
mass model adopted in this paper (see Sec. 2.2). The dotted,
dash-dotted, and thin solid lines represent the contributions
from the bulge, all the stellar and gas disks, and the dark
matter halo, respectively.

2.3. Simulation Setup and Initial Conditions

Equations (1) - (4) are solved in cylindrical coordi-
nates (R, z) assuming axisymmetry around the Galactic
rotational axis. The computational domain along each
axis consists of 1800 equally spaced grids in the inner
15 kpc and 100 logarithmically spaced zones from 15
to 70 kpc. The corresponding spatial resolution in the
inner 15 kpc is 8.33 pc. Along both the R and z di-
rections, we adopt reflective boundary conditions at the
inner boundaries and outflow boundary conditions at
the outer boundaries.
For initial conditions at t = 0, we assume that the

hot gas is in hydrostatic equilibrium in the Galactic
potential well, and there are no CRs in the Galaxy.
Recent X-ray observations indicate that the temper-

ature of the hot gas in the Galactic halo is around
0.2 keV, with little variations across different lines of
sight (Henley & Shelton 2013; Miller & Bregman 2015;
Kataoka et al. 2018). Therefore, among all the simula-
tions in this work we assume that the hot gas is initially
isothermal with a constant temperature T = 2.32× 106

K (∼ 0.2 keV). Given the value of the gas temperature,
the initial density distribution of the hot plasma can
be derived from hydrostatic equilibrium. The normal-
ization of the density distribution is determined by the
initial electron number density at the origin ne0.
In the fiducial run (run A), we choose ne0 = 0.03

cm−3, and the resulting thermal electron number den-
sity distribution is shown as the grey-shaded area in Fig-
ure 3. Note that the gas distribution is not spherically
symmetric due to the non-spherically symmetric gravi-
tational potential well. We compare the gas density dis-
tribution in our model with the β model (the red solid
line in Fig. 3) in Miller & Bregman (2015) derived from
O VII and O VIII observations. At r ≫ rc, the best-fit
β model can be described as (Miller & Bregman 2015):

n(r) ≈
n0r3βc
r3β

(11)

where n0r3βc = 0.0135 cm−3 kpc3β and β = 0.5.
It is remarkable that our initial gas density dis-

tribution agrees very well with the best-fit β model
presented in Miller & Bregman (2015) at r ! 2 kpc.
As shown in Figure 3, our model also roughly agrees
with the gas densities at r ∼ 10 − 50 kpc measured
by Grcevich & Putman (2009) using the ram-pressure
stripping argument of several Local Group dwarf galax-
ies. We note that beyond ∼ 70 kpc, the density profiles
in our model and the β model lie substantially below the
data points in Grcevich & Putman (2009). However, in
the current work we focus on the Fermi bubble event
and gas dynamics within the inner halo (r " 10 kpc),
and the outer boundary of our simulations is set to be
70 kpc. Therefore, the gas distribution in the outer halo
beyond 70 kpc will not affect our results.
From an observational point of view, the den-

sity distribution of the hot Galactic halo gas is
quite uncertain (Bregman et al. 2018), and there are
many density models proposed in the literature (e.g.,
Maller & Bullock 2004; Yao et al. 2009; Fang et al.
2013; Miller & Bregman 2015; Nakashima et al. 2018;
Fang et al. 2020). The halo gas density distribution
would affect the morphology of the resulting forward
shock and the properties of the postshock gas (Sofue
2019). Our model is based on hydrostatic equilibrium,
and reproduces reasonably well the observed biconical
X-ray structure near the GC in both morphology and
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be derived from hydrostatic equilibrium. The normal-
ization of the density distribution is determined by the
initial electron number density at the origin ne0.
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cm−3, and the resulting thermal electron number den-
sity distribution is shown as the grey-shaded area in Fig-
ure 3. Note that the gas distribution is not spherically
symmetric due to the non-spherically symmetric gravi-
tational potential well. We compare the gas density dis-
tribution in our model with the β model (the red solid
line in Fig. 3) in Miller & Bregman (2015) derived from
O VII and O VIII observations. At r ≫ rc, the best-fit
β model can be described as (Miller & Bregman 2015):
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where n0r3βc = 0.0135 cm−3 kpc3β and β = 0.5.
It is remarkable that our initial gas density dis-

tribution agrees very well with the best-fit β model
presented in Miller & Bregman (2015) at r ! 2 kpc.
As shown in Figure 3, our model also roughly agrees
with the gas densities at r ∼ 10 − 50 kpc measured
by Grcevich & Putman (2009) using the ram-pressure
stripping argument of several Local Group dwarf galax-
ies. We note that beyond ∼ 70 kpc, the density profiles
in our model and the β model lie substantially below the
data points in Grcevich & Putman (2009). However, in
the current work we focus on the Fermi bubble event
and gas dynamics within the inner halo (r " 10 kpc),
and the outer boundary of our simulations is set to be
70 kpc. Therefore, the gas distribution in the outer halo
beyond 70 kpc will not affect our results.
From an observational point of view, the den-

sity distribution of the hot Galactic halo gas is
quite uncertain (Bregman et al. 2018), and there are
many density models proposed in the literature (e.g.,
Maller & Bullock 2004; Yao et al. 2009; Fang et al.
2013; Miller & Bregman 2015; Nakashima et al. 2018;
Fang et al. 2020). The halo gas density distribution
would affect the morphology of the resulting forward
shock and the properties of the postshock gas (Sofue
2019). Our model is based on hydrostatic equilibrium,
and reproduces reasonably well the observed biconical
X-ray structure near the GC in both morphology and
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X-ray surface brightness (Section 3.2), and the emission
measures along many lines of sight toward the Fermi
bubbles (Section 3.3).

Figure 3. Initial profile of thermal electron number density
as a function of radius in our fiducial run (run A). The grey-
shaded area represents our model derived from hydrostatic
equilibrium and a uniform temperature T = 2.32 × 106 K.
At r ! 2 kpc, our model agrees very well with the best-fit
β model presented in Miller & Bregman (2015). For com-
parison, the blue points show the gas densities derived in
Grcevich & Putman (2009).

2.4. Jet Setup

We adopt the same jet setup as in Guo & Mathews
(2012), where the jet at the base is hybrid, consisting
of both thermal gas and CRs. In the current paper we
focus on the hydrodynamic evolution of AGN jets and
the resulting Fermi bubbles, and there are no CRs in the
halo except those injected in the jets. As discussed in
Guo & Mathews (2012), the jet parameters are highly
degenerate. We have run a large suite of simulations,
and in this paper, we present the results of several rep-
resentative runs, as listed in Table 1. Run A is the fidu-
cial run, which matches the observational results best
among all the simulations. In run B, we choose a much
larger value for ne0 to investigate the impact and uncer-
tainties of the initial gas densities in the halo. Run C
is performed to match the observed gas temperature in
the Fermi bubbles presented in Kataoka et al. (2013). In
run D, we investigate the formation of the Fermi bubbles
from a spherical outflow from the GC.
As in Guo & Mathews (2012), the jet in each sim-

ulation is launched along the z axis at t = 0 with a
constant speed vj for a duration of tj . The initial jet
is implemented in a cylinder with radius Rj and height
zj along the z axis starting from the GC. At the base,
the jet contains both thermal gas with density ρj and

energy density ej and CRs with energy density ejcr. We
define the jet density contrast η at the jet base as the
ratio between ρj and the ambient gas density ρamb. As
shown in Guo (2015), the shape evolutions of the ejecta
bubble and the forward shock are mainly determined by
two jet parameters: η and the ratio of its kinetic energy
density to non-kinetic energy density, and the latter in-
cludes both thermal and CR energy densities. ej and
ejcr are thus degenerate in our hydrodynamic simula-
tions (Guo & Mathews 2012). In our jet simulations,
we set ej to be equal to the ambient gas energy density,
while leaving ejcr as a free parameter to fit the observed
morphology of the Fermi bubbles. In our spherical wind
simulations, we follow previous wind simulations (e.g.,
Mou et al. 2014; Sarkar et al. 2017) to set ejcr = 0 and
use ej as a free parameter. We set zj = 0.35 kpc to
avoid simulating the complex environment around the
GC. We further assume that the jet has undergone sig-
nificant deceleration within the jet initialization zone.
The parameters in our simulations are listed in Table

1. In each row, tbub refers to the current age of the Fermi
bubbles, and Pj and Ej are respectively the power and
total injected energy of one jet in the corresponding run.
Note that in run D, we initialize a spherical wind instead
of a collimated jet, and here Rj and zj stand for the
radius of the central spherical region used to set up the
wind. vj , ρj , ej , and ejcr represent the radial velocity,
thermal gas density, thermal energy density, and CR
energy density of the wind at its base, respectively. tj
is the duration of the wind.

3. THE SHOCK MODEL: A REPRESENTATIVE
RUN

In this section, we present the main results of our fidu-
cial run (run A), which matches the observations best.
Two constraints are used to determine the best-fit sim-
ulation. The first constraint is the morphology of the
resulting bubble. In the shock model, we assume that
the forward shock driven by the AGN jet event repre-
sents the edge of the Fermi bubbles. By adjusting the
parameters of the jet, the location, size and bilobular
morphology of the Fermi bubbles can be reproduced.
If the jet is very powerful, a strong shock will be cre-
ated, and it then takes less time to reach the current
size of the bubbles. On the other hand, a weak shock
results in a longer age of the current Fermi bubbles. To
further constrain the jet power and the age of the bub-
bles, we use the second constraint – the temperature of
the shock-compressed gas in the Fermi bubbles. In run
A, we use the gas temperature ∼ 0.4 keV measured by
Miller & Bregman (2016). The age and energy of the
Fermi bubbles can be largely determined by these two
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central lobe, which is enclosed by a contact discontinu-
ity and contains high-temperature jet plasma and some
jet-entrained halo gas, and the outer shell, which is lo-
cated between the forward shock and the inner contact
discontinuity and contains the shock-heated halo gas.
To directly compare the simulated bubble morphol-

ogy with observations, we calculate the line-of-sight av-
eraged thermal gas density at t = 5 Myr using Equa-
tions 12 and 13. Figure 5 shows the averaged thermal
electron number density along lines of sight from the
Earth to a distance of 20 kpc in Galactic coordinates
with a Hammer-Aitoff projection. As seen in this fig-
ure, the outline of the projected shock lies quite close
to the observed edge of the Fermi bubbles, especially at
negative latitudes, suggesting that run A reproduces the
location, size and morphology of the Fermi bubbles quite
well, and the bubble age in run A is roughly 5 Myr. Our
model further predicts that there is a low-density lobe
in the middle of each bubble as seen clearly in Figures 4
and 5, and these two low-density lobes may explain the
vast cavity of hot gas with radius ∼ 6 kpc described by
Nicastro et al. (2016) in the central region of the Milky
Way.
The temperature distribution in the bubble contains

very useful information, and by comparing with obser-
vations, it can be used to constrain the properties of the
Fermi bubbles. Figure 6 shows the temperature distri-
bution of thermal gas in run A at t = 5 Myr. The gas
temperature in the inner low-density lobe is very high,
∼ 10 keV or above. In the outer shell, the gas tempera-
ture slightly increases from low to high latitudes, and at
z ! 4 kpc, the gas temperature is T ∼ 0.4 keV. This can
also be seen in Figure 7, which shows the variations of
gas temperature along the R direction at t = 5 Myr at
three fixed values of z = 2, 5, and 8 kpc. X-ray emission
from the inner lobe is expected to be very weak due to
the low gas densities there, and there would be essen-
tially no line emissions from this region due to its very
high gas temperatures. X-ray emissions from the Fermi
bubble would thus be dominated by the outer shell re-
gion.
As shown in Figure 7, it is remarkable that the gas

temperatures in the downstream of the forward shock
(the outer shell) at z = 2, 5, and 8 kpc are all quite
close to 0.4 keV, consistent with those measured by
Miller & Bregman (2016) with O IIV and O IIIV emis-
sion line ratios. We have also run many additional simu-
lations with different jet powers, and find that the post-
shock gas temperature depends quite strongly with the
jet power. If the jet is more powerful, it takes less time
to form the bubble with the current size, and the post-
shock temperature is higher. In this sense, we constrain

(a)

(b)

(c)

Figure 4. Central slices (16 × 15 kpc) of thermal gas den-
sity in logarithmic scale at t=1, 3, 5 Myr in run A. Note
that the edge of the observed Fermi bubbles corresponds to
the expanding forward shock in our model, where CRs are
expected to be accelerated.

the age of the Fermi bubbles in the shock model to
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Figure 5. Averaged hot gas density along lines of sight from
the Earth to a distance of 20 kpc in run A at t = 5 Myr in
Galactic coordinates with a Hammer-Aitoff projection. The
dots represent the edges of the observed Fermi bubbles.

be ∼ 5 Myr, and the total energy of this event to be
2Pjettj ∼ 2 × 1055 erg (considering two opposing jets).
These estimates are affected by other model parame-
ters, e.g., uncertainties in the ambient halo gas density
and the measured gas temperature in the Fermi bubbles,
which will be further discussed in Section 4.
Figure 8 further shows the velocity distribution of

thermal gas at t = 5 Myr in run A. While the veloc-
ity in the low-density lobe is very high (up to 3000
km s−1), the gas velocity in the outer shell is typically
∼ 200 − 300 km s−1 increasing from low to high lati-
tudes, which is close to the measured velocities of high
velocity clouds (HVCs) 91 − 265 km s−1 along several
lines of sight towards the Fermi bubbles (Bordoloi et al.
2017; Karim et al. 2018).

Figure 6. Temperature distribution of thermal gas at t = 5
Myr in run A. To better show the temperature distribution
in the shock-compressed halo gas, we choose an upper limit
of 0.6 keV, which masks high gas temperatures in the central
low-density lobe.

Figure 7. Variations of thermal gas temperature along the
R direction in run A at t = 5 Myr at three fixed values of
z = 2, 5, and 8 kpc. The gas temperatures in the downstream
of the forward shock at these three heights are all roughly 0.4
keV, consistent with those measured by Miller & Bregman
(2016).

Figure 8. Central slices (16 × 15 kpc) of thermal gas ve-
locity at t = 5 Myr in run A. Color represents the velocity
magnitude, while arrows show its directions. To better show
the velocity distribution in the shock-compressed halo gas,
we choose an upper limit of 300 km s−1, which masks high
gas velocities in the central low-density lobe.

3.2. The X-shaped Biconical Structure in X-rays

The 1.5 keV diffuse X-ray map from the ROSAT
all-sky survey revealed an X-shaped biconical struc-
ture within 10 degrees around the GC (Snowden et al.
1997; Bland-Hawthorn & Cohen 2003; Su et al. 2010),
and this inner X-ray structure connects smoothly
with the outer Fermi bubbles at latitudes above 10◦

(Keshet & Gurwich 2017), suggesting that these two
structures share a common origin. Since the forward
shock in our model naturally compresses the ambient

Projected	Average	Density

The	energetics	and	age	of	the	bubbles	are	constrained	quite	well!
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Figure 5. Averaged hot gas density along lines of sight from
the Earth to a distance of 20 kpc in run A at t = 5 Myr in
Galactic coordinates with a Hammer-Aitoff projection. The
dots represent the edges of the observed Fermi bubbles.

be ∼ 5 Myr, and the total energy of this event to be
2Pjettj ∼ 2 × 1055 erg (considering two opposing jets).
These estimates are affected by other model parame-
ters, e.g., uncertainties in the ambient halo gas density
and the measured gas temperature in the Fermi bubbles,
which will be further discussed in Section 4.
Figure 8 further shows the velocity distribution of

thermal gas at t = 5 Myr in run A. While the veloc-
ity in the low-density lobe is very high (up to 3000
km s−1), the gas velocity in the outer shell is typically
∼ 200 − 300 km s−1 increasing from low to high lati-
tudes, which is close to the measured velocities of high
velocity clouds (HVCs) 91 − 265 km s−1 along several
lines of sight towards the Fermi bubbles (Bordoloi et al.
2017; Karim et al. 2018).

Figure 6. Temperature distribution of thermal gas at t = 5
Myr in run A. To better show the temperature distribution
in the shock-compressed halo gas, we choose an upper limit
of 0.6 keV, which masks high gas temperatures in the central
low-density lobe.

Figure 7. Variations of thermal gas temperature along the
R direction in run A at t = 5 Myr at three fixed values of
z = 2, 5, and 8 kpc. The gas temperatures in the downstream
of the forward shock at these three heights are all roughly 0.4
keV, consistent with those measured by Miller & Bregman
(2016).

Figure 8. Central slices (16 × 15 kpc) of thermal gas ve-
locity at t = 5 Myr in run A. Color represents the velocity
magnitude, while arrows show its directions. To better show
the velocity distribution in the shock-compressed halo gas,
we choose an upper limit of 300 km s−1, which masks high
gas velocities in the central low-density lobe.

3.2. The X-shaped Biconical Structure in X-rays

The 1.5 keV diffuse X-ray map from the ROSAT
all-sky survey revealed an X-shaped biconical struc-
ture within 10 degrees around the GC (Snowden et al.
1997; Bland-Hawthorn & Cohen 2003; Su et al. 2010),
and this inner X-ray structure connects smoothly
with the outer Fermi bubbles at latitudes above 10◦

(Keshet & Gurwich 2017), suggesting that these two
structures share a common origin. Since the forward
shock in our model naturally compresses the ambient
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R direction in run A at t = 5 Myr at three fixed values of
z = 2, 5, and 8 kpc. The gas temperatures in the downstream
of the forward shock at these three heights are all roughly 0.4
keV, consistent with those measured by Miller & Bregman
(2016).
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locity at t = 5 Myr in run A. Color represents the velocity
magnitude, while arrows show its directions. To better show
the velocity distribution in the shock-compressed halo gas,
we choose an upper limit of 300 km s−1, which masks high
gas velocities in the central low-density lobe.

3.2. The X-shaped Biconical Structure in X-rays

The 1.5 keV diffuse X-ray map from the ROSAT
all-sky survey revealed an X-shaped biconical struc-
ture within 10 degrees around the GC (Snowden et al.
1997; Bland-Hawthorn & Cohen 2003; Su et al. 2010),
and this inner X-ray structure connects smoothly
with the outer Fermi bubbles at latitudes above 10◦

(Keshet & Gurwich 2017), suggesting that these two
structures share a common origin. Since the forward
shock in our model naturally compresses the ambient
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hot halo gas, the shock model is also expected to ex-
plain the X-shaped biconical X-ray structure within 10
degrees around the GC, as shown in this section.
The X-ray surface brightness is calculated for run A

at t = 5 Myr as follows. We adopt the APEC plasma
model (Smith et al. 2001) with a fixed gas metallicity
Z = 0.3Z⊙. Assuming that the hot gas is optically
thin and under collisional ionization equilibrium, the
surface brightness I in the Galactic coordinates (l, b) at
the ROSAT 1.5 keV band can be calculated as follows:

I(l, b) =
1

4π

∫

los

n2
eϵ(T )dr erg s−1 cm−2 Sr−1, (14)

where ϵ(T ) is the volumetric emissivity of the plasma.
Atomic data are taken from Astrophysical Plasma
Emission Database (APED) with the publicly avail-
able PyAtomDB package, and both line emissions and
bremsstrahlung are included in ϵ(T ). Along each line of
sight, the integration in the above equation is done to a
distance of 50 kpc.
Figure 9 shows the synthetic X-ray (0.7–2 keV) sur-

face brightness map for run A at t = 5 Myr. Due to
the compression of hot gas by the forward shock, the
simulated Fermi bubble is limb brightened, and in par-
ticular, the bubble base is very bright in X-ray, coin-
ciding very well with the location of the bipolar X-ray
structure seen in the ROSAT 1.5 keV map. The calcu-
lated X-ray surface brightness of the shock-compressed
shell at the bubble base is around 5×10−8 erg s−1 cm−2

Sr−1, corresponding to ∼ 10−3 counts s−1 arcmin−2 in
the ROSAT R6+R7 band, which is quite close to the
observed value of ∼ 5× 10−4 counts s−1 arcmin−2. The
minor discrepancy could be due to HI absorption in the
Galactic disk and bulge. This result further strength-
ens the forward shock model for the origin of the Fermi
bubbles and the X-shaped biconical structure in the 1.5
keV map.

3.3. The Emission Measure

To compare the gas densities in our simulated Fermi
bubbles with observations more quantitatively, here we
calculate the emission measures (EMs) along the lines
of sight toward the bubbles in run A at t = 5 Myr,

EM(l, b) =

∫

los

n2
edl , (15)

where the integration is done to a distance of 50 kpc
from the Earth. We then compare our calculated EMs
with the data in Kataoka et al. (2015), which show the
observed EMs along many sight lines toward a very large
area of the Fermi bubbles. Using Suzaku and Swift X-
ray data, Kataoka et al. (2015) found that the EM typi-

Figure 9. Synthetic X-ray (0.7–2 keV) surface brightness
map in Galactic coordinates with a Hammer-Aitoff projec-
tion for run A at t = 5 Myr. The dots represent the edge of
the observed Fermi bubbles.

cally decreases with Galactic latitude, varying by an or-
der of magnitude over the region covered by the Fermi
bubbles.
Figure 10 shows the EM as a function of Galactic lat-

itude. The orange dots represent the EM data along
many sight lines shown in Kataoka et al. (2015), while
the blue dots show the corresponding EMs along the
same sight lines calculated in run A. We also calculate
the maximum value of the EMs at any given latitude,
and show the variation of it with Galactic latitude as
the solid blue line. This line represents the EMs along
the lines of sight toward the swept-up shell right be-
hind the forward shock. As can be seen, the calculated
EM increases from ∼ 0.01 cm−6 pc at high latitudes to
∼ 0.3 cm−6 pc near the GC, roughly following the trend
in the observations. However, along many sight lines,
our calculated EMs are substantially lower than the ob-
served values, which likely include additional contribu-
tions from some gaseous structures outside the Fermi
bubbles. The asymmetry of the observed EMs between
the northern and southern bubbles also suggests that the
observed EMs derived from 0.4− 10 keV X-ray observa-
tions include significant or even dominant contributions
from local structures not directly associated with the
Fermi bubble event along many sight lines. Soft X-rays
emitted near the GC are subject to strong absorptions,
and to probe the gas properties related to the hot Fermi
bubbles, it may be better to use hard X-ray observa-
tions, such as the biconical X-ray structure revealed by
the ROSAT 1.5 keV map.

3.4. The Mach Number at the Forward Shock

In the shock model, CRs are accelerated at the ex-
panding forward shock, and diffuse into the bubble in-
terior. The CR acceleration efficiency depends strongly
on the Mach number. Here in this subsection we investi-
gate the evolution of the Mach number at the propagat-



Numbers	for	the	Fermi	bubbles

55

one	Jet	Power:	

Simulating the Fermi Bubbles as Forward Shocks 7

Table 1. List of Our Simulations with Model Parameters and Some Key Results

Run ne0 ρj ej vj ejcr Rj zj Pj tj tbub Ej

ID cm−3 g cm−3 erg cm−3 109cm s−1 erg cm−3 pc pc erg s−1 Myr Myr erg

A 0.03 1.23 × 10−27 1.46 × 10−11 2.5 2.7× 10−10 33.3 350 3.42 × 1041 1.0 5 1.07 × 1055

B 0.3 1.23 × 10−26 1.46 × 10−10 2.5 2.7 × 10−9 33.3 350 3.42 × 1042 1.0 5 1.07 × 1056

C 0.03 1.23 × 10−27 1.46 × 10−11 2.1 2.0× 10−10 25 350 1.15 × 1041 1.0 6 3.61 × 1054

D 0.03 2.27 × 10−27 2.68 × 10−11 0.9 0 41.6 41.6 8.79 × 1040 5.0 9 1.38 × 1055

Note—In our simulations, the jet is implemented in a cylinder with radius Rj and height zj along the z axis. At its base,
the jet is parameterized with five parameters: gas density ρj , thermal energy density ej , CR energy density ejcr, velocity vj ,
and duration tj . Pinj and Einj refer to the power and the total injected energy of one jet, respectively. tbub is the current
age of the Fermi bubbles in each simulation. ne0 is the initial electron number density at the origin, which determines the
normalization of the initial density distribution in the halo. Run D is a spherical wind simulation investigated in Section 4.3,
and here Rj and zj stand for the radius of the central spherical region used to set up the wind. vj in run D refers to the
radial velocity, instead of the z-component velocity as in jet simulations.

constraints. We stop the simulation when the forward
shock roughly reaches the edge of the Fermi bubbles.
The jet parameters in run A is listed in Table 1. Both

the northern and southern Fermi bubbles show quite
narrow bases near the GC. To reproduce this feature
in the shock model, the initial jet radius must also be
quite small, and in run A we choose Rj = 33.3 pc, about
one order of magnitude smaller than that adopted in
Guo & Mathews (2012). The jet in run A is light, with
a density contrast η = 0.04 compared to the ambient
gas. The jet is kinetic-energy-dominated and the kinetic
power accounts for about 93% of its total power. At the
jet base, the values of ej and ejcr are highly degenerate,
and the total pressure in the jet affects the shape of
the resulting bubble (forward shock). During its active
phase, the jet has a total power of 3.42 × 1041 erg s−1,
and with a duration of 1 Myr, the total injected energy is
1.08× 1055 erg. Taking a jet feedback efficiency of 10%,
the mass accretion rate of the central supermassive black
hole Sgr A* can be estimated ṀBH = 2Pj/(0.1c2) =
1.2×10−4 M⊙/yr, and the total mass accreted by Sgr A*
during this event is 120 M⊙. During the active phase,
the Eddington ratio of Sgr A* is ϵ = 2Pj/LEdd ∼ 1.2 ×
10−3, which falls well in the range of the hot accretion
flow mode for SMBHs (Yuan & Narayan 2014).
In the remainder of this section, we will first show the

morphology, gas density, velocity and temperature of the
Fermi bubbles in the simulation, and compare them with
observational values. Then, we will present the synthetic
X-ray surface brightness map in our simulation and show
that the X-shaped biconical structure in the ROSAT 1.5
keV map is reproduced in our simulation. We calculate
the emission measures along the lines of sight toward

the Fermi bubbles in the simulation, and compare them
directly with the observational data. At last, we will
present the evolution of the Mach number at the outer
edge of the simulated bubble. The observed Fermi bub-
ble morphology is a 3D structure projected onto the 2D
sky map. With axisymmetry around the Galactic rota-
tional axis, our cylindrical coordinates (R, z) centered at
the GC, can be naturally converted to the Cartesian co-
ordinates (x, y, z), which is connected with the Galactic
coordinates (l, b) centered at the solar system through

tanl = −
x

y +R⊙

(12)

tanb =
z

√

x2 + (y +R⊙)2
(13)

where the location of the Sun is (0, −R⊙, 0) in the
Cartesian coordinates, and here we set R⊙ = 8.5 kpc.

3.1. Properties and Evolution of the Bubble

The temporal evolution of the simulated Fermi bubble
in run A is shown in Figure 4, which shows the distribu-
tion of thermal electron number density at three differ-
ent times t= 1, 3, 5 Myr. A forward shock is generated
as soon as the jet punches through the ambient halo gas.
At t = 1 Myr, the jet is switched off, and the height of
the shock reaches z = 6 kpc while the width is still less
than 2 kpc. At t ≃ 5 Myr, the bubble expands to its
current size as observed. In the shock model, the ex-
panding forward shock accelerates CRs and the region
enclosed by the forward shock corresponds to the ob-
served Fermi bubble. As seen from Figure 4c, the bub-
ble may be divided into two regions: the low-density

Jet	duration:		1	Myr

Total	injected	energy	~	2
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X-ray surface brightness map in our simulation and show
that the X-shaped biconical structure in the ROSAT 1.5
keV map is reproduced in our simulation. We calculate
the emission measures along the lines of sight toward
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tanl = −
x
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(12)

tanb =
z

√

x2 + (y +R⊙)2
(13)

where the location of the Sun is (0, −R⊙, 0) in the
Cartesian coordinates, and here we set R⊙ = 8.5 kpc.

3.1. Properties and Evolution of the Bubble

The temporal evolution of the simulated Fermi bubble
in run A is shown in Figure 4, which shows the distribu-
tion of thermal electron number density at three differ-
ent times t= 1, 3, 5 Myr. A forward shock is generated
as soon as the jet punches through the ambient halo gas.
At t = 1 Myr, the jet is switched off, and the height of
the shock reaches z = 6 kpc while the width is still less
than 2 kpc. At t ≃ 5 Myr, the bubble expands to its
current size as observed. In the shock model, the ex-
panding forward shock accelerates CRs and the region
enclosed by the forward shock corresponds to the ob-
served Fermi bubble. As seen from Figure 4c, the bub-
ble may be divided into two regions: the low-density

Eddington	ratio:		~	0.001,		hot	accretion	mode

Sgr	A*	accretion	rate	~	0.0001	solar	mass/yr

Current	Fermi	bubble	age:		5	Myr
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Fermi bubbles in run C is tbub = 6 Myr. Combining the
results of runs A and C, the current age of the Fermi
bubbles can be estimated to be 5− 6 Myr, and the total
energy of this event is around (0.7− 2.2)× 1055 erg.

Figure 14. The temperature distribution of thermal gas at
t = 6 Myr in run C. The postshock gas temperature in the
resulting Fermi bubble is around 0.3 keV, smaller than the
value of 0.4 keV in run A.

4.3. The Spherical Wind Model

Figure 15. The temperature distribution of thermal gas at
t = 9 Myr in run D for the spherical wind model.

In this subsection, we present a preliminary study on
the spherical wind model, where the forward shock is
driven by starburst or AGN winds at the GC. In pre-
vious wind models (e.g., Mou et al. 2014; Sarkar et al.
2017), the Fermi bubble edge is usually identified as the
contact discontinuity. Here in the shock model, we as-
sume that the wind-driven forward shock is the edge of
the Fermi bubbles and accelerates CRs diffusing into
the bubbles. In wind models, the central molecular

zone (CMZ) is often included to suppress the lateral
expansion of the bubbles at low latitudes. We adopt
a simple setup as in Sarkar et al. (2017), assuming that
the CMZ is a ring-like structure (e.g., Morris & Serabyn
1996) with an inner radius of 80 pc and an outer radius
of 240 pc along the Galactic plane, and its height-to-
radius ratio is a constant 0.25. The gas density in the
CMZ is 50mp cm−3, where mp is the proton mass, and
the CMZ is under local pressure balance with the ambi-
ent hot halo gas. Rotation is neglected, and we instead
use an artificial centrifugal potential in the CMZ region
to counteract the gravity on the CMZ. The wind is ini-
tiated as a spherical outflow from the inner 42 pc region
at the GC with a constant radial velocity.
We performed a large number of wind simulations

with different wind parameters (e.g. the wind velocity,
density, and duration) and investigated if the spherical
wind model can produce a bubble enclosed by the for-
ward shock that meets both the temperature and mor-
phology constraints as described in Section 3. Here we
present the results of a representative wind simulation
(run D), in which the relevant model parameters are
listed in Table 1. As shown in Figure 15, the height
of the forward shock front at t = 9 Myr is comparable
to that of the observed Fermi bubbles, and the average
postshock gas temperature in the bubble is also close
to the observed value of 0.4 keV in Miller & Bregman
(2016). While the lateral expansion of the inner high-
temperature lobe at low latitudes is strongly limited by
the CMZ as also shown in Mou et al. (2014), the forward
shock can easily bypass the CMZ, producing a bubble
with very wide base. Although we tried a large num-
ber of wind simulations, the wide base for the forward
shock near the Galactic plane is a general feature. This
is mainly due to the fact that the height of the CMZ is
too small to stop the shock from passing over it. The
wide base of the shock front is clearly inconsistent with
the narrow base of the observed Fermi bubbles in gamma
rays and could not explain the X-shaped biconical X-ray
structure near the GC. We thus conclude that starburst
or AGN winds are very unlikely to be the origin of the
Fermi bubbles in the shock model.

5. SUMMARY AND DISCUSSION

In this paper, we present a series of hydrodynamic sim-
ulations to study the forward shock model for the origin
of the Fermi bubbles. We assume that the bubble edge is
the forward shock driven by a pair of opposing AGN jets
emanating from the GC several Myrs ago and the CRs in
the bubbles are mainly accelerated at the forward shock.
By properly choosing jet parameters, our model natu-
rally reproduces the observed morphology of the Fermi
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(2016). While the lateral expansion of the inner high-
temperature lobe at low latitudes is strongly limited by
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ber of wind simulations, the wide base for the forward
shock near the Galactic plane is a general feature. This
is mainly due to the fact that the height of the CMZ is
too small to stop the shock from passing over it. The
wide base of the shock front is clearly inconsistent with
the narrow base of the observed Fermi bubbles in gamma
rays and could not explain the X-shaped biconical X-ray
structure near the GC. We thus conclude that starburst
or AGN winds are very unlikely to be the origin of the
Fermi bubbles in the shock model.

5. SUMMARY AND DISCUSSION

In this paper, we present a series of hydrodynamic sim-
ulations to study the forward shock model for the origin
of the Fermi bubbles. We assume that the bubble edge is
the forward shock driven by a pair of opposing AGN jets
emanating from the GC several Myrs ago and the CRs in
the bubbles are mainly accelerated at the forward shock.
By properly choosing jet parameters, our model natu-
rally reproduces the observed morphology of the Fermi

The	forward	shocks	driven	by	spherical	winds	at	the	GC	typically	produce	bubbles	with	much	wider	bases	
than	observed,	and	could	not	reproduce	the	biconical	X-ray	structure	at	low	latitudes.	This	suggests	that	
starburst	or	AGN	winds	are	unlikely	the	origin	of	the	bubbles	in	the	shock	scenario.	
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Figure 10. Emission measures along many sight lines to-
ward the Fermi bubbles as a function of Galactic latitude.
The orange dots represent the EM data in Kataoka et al.
(2015), while the blue dots show the corresponding EMs
along the same lines of sights calculated in run A at t =
5 Myr. We also calculate the maximum value of the EMs
toward the sight lines at any given latitude, and show the
variation of it with Galactic latitude as the solid blue line,
which represents the EMs towards the lines of sight near the
forward shock.

ing forward shock in our fiducial run (run A). The shock
front is identified as jumps in the pressure and temper-
ature distributions and the associated Mach number M
is calculated according to the Rankine-Hugoniot jump
conditions. At t = 5 Myr, the Mach number at the for-
ward shock is shown in Figure 11. As can be seen, the
Mach number along the bubble edge increases slightly
from M ∼ 1.8 at z = 2 kpc to M ∼ 2.2 at z = 9 kpc.
This value is roughly consistent with the Mach number
of M = 2.3+1.1

−0.4 estimated in Miller & Bregman (2016).
Note that at the bubble top (R, z) ∼ (0, 9.6 kpc) most
affected by the jet evolution, the Mach number peaks
quickly at M ∼ 2.8 from nearby regions.
The temporal evolution of the Mach number at the

shock front, i.e. the bubble surface, is shown in Figure
12. The Mach number evolution at the top of the bubble
(R = 0) clearly shows that a strong forward shock with
M > 10 forms once the jet punches through the ambi-
ent halo gas. As the shock front propagates outward,
the Mach number at the bubble top roughly decreases
from about 30 at t = 0.1 Myr to ∼ 2.8 at t = 5 Myr.
Several fluctuations in the Mach number evolution are
caused by the interaction of the jet with gas circulations
in the bubble. The three solid lines in Figure 12 show
the Mach number evolution at R = 0 (the bubble top),
0.5 kpc, and 1 kpc in the bubble surface, indicating that
the Mach number in the head region of the shock front is
larger than ∼ 4 during the first 2 Myrs and drops below

Figure 11. Mach number of the forward shock in Run A
at t = 5 Myr. The Mach number increases from low to high
latitudes, with an approximate value of about M ∼ 2.

Figure 12. Temporal evolution of the Mach number of the
forward shock in Run A. From top to bottom, the solid lines
refer to the Mach number evolution at R = 0 (the bubble
top), 0.5 kpc, and 1 kpc respectively, in the bubble surface.
The dashed lines refer to the Mach number evolution at z = 2
kpc (red), and 5 kpc (purple) in the bubble surface.

4 afterwards. The dashed lines correspond to the Mach
number evolution at z = 2 and 5 kpc in the bubble sur-
face, indicating that the Mach number is generally less
than 4 in the middle and bottom regions of the bubble
surface. It is generally believed that CR acceleration is
inefficient at small Mach numbers. Figure 12 thus shows
that CR acceleration is most efficient in the head region
of the Fermi bubbles during the early stage of the bub-
ble evolution (t ! 2 Myr). Our results here on the Mach
number evolution would be useful for future studies of
the Fermi bubbles on the CR acceleration processes and
the associated non-thermal emissions.
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Cooling rate of CGM (0.3 solar metallicity): 

The Cooling Flow Problem in the Milky Way 13

we propose a new general model for the gas density dis-
tribution in the MW’s halo, which typically lies between
the centrally-peaked NFW model and the very extended
MB model. By properly choosing the model parameters,
our model can also approach the cored-NFW model and
the MB model.
We investigate the evolution of the hot gas in the

MW’s halo under radiative cooling with a series of
2D hydrodynamic simulations started from hydrostatic
equilibrium. We did a parameter study in our simula-
tions, investigating the roles of our model parameters
and gas metallicity. Our simulations clearly indicate
that the total gas mass within the halo and gas metallic-
ity play crucial roles on the mass inflow rate in the de-
veloped cooling flow, which increases with both the halo
gas mass Mg and metallicity Z. For a typical metal-
licity Z = 0.3Z⊙, the mass inflow rate across the inner
boundary of 1 kpc increases from ∼ 5 M⊙ yr−1 when
Mg = 0.3Mmbar to ∼ 50 M⊙ yr−1 when Mg = Mmbar,
much larger than the SFR observed in the MW. This
suggests that stellar and/or AGN feedback processes
may play important roles in the evolution of the MW
by heating the halo gas and suppressing cooling flows.
For a fixed total gas mass in the halo, the spatial dis-

tribution of the halo gas does not substantially affect
the mass inflow rate after the cooling flow reaches the
quasi-steady state, but it does significantly affect the
onset time of the central cooling catastrophe. When
the halo gas distribution becomes more centrally-peaked
(e.g., for smaller values of r1 and r2 or larger values of
α1 in Equation 14), the central gas cooling time becomes
shorter and the central cooling catastrophe starts ear-
lier. But the mass inflow rate in the developed cooling
flow does not change much if the total halo gas mass is
fixed. We also investigate the impact of the gravity from
the Galactic disk and bulge on the evolution of the halo
gas. For the same gas density distribution, the gravity
from the disk and bulge increases the equilibrium gas
temperatures in inner regions and thus delays the onset
of the central cooling catastrophe, but it does not sub-
stantially affect the final mass inflow rate in the cooling
flow.
We also investigate the development of the Galactic

cooling flow with four other gas density models adopted
from the literature: the MB model, the β model, the
NFW model, and the cored-NFW model, and confirm
our results. In the MB model, the gas distribution is
most spatially extended, and the central gas cooling time
is even longer than our simulation time of about 1.5 Gyr,
at which the cooling catastrophe has not yet started. In
the β model directly adopted from Miller & Bregman
(2015), the halo gas mass is quite low, leading to a

small mass inflow rate (Ṁ ∼ 0.02M⊙ yr−1) at the quasi-
steady state. In the NFW or the cored-NFW model,
the gas distribution is centrally peaked, resulting in a
very short onset time of the central cooling catastrophe
and the final mass inflow rate is quite large (! 50M⊙

yr−1). Future X-ray observations with higher sensitivity
and spectral resolution, particularly of nearby MW-type
galaxies, can help better constrain the spatial distribu-
tion of the hot circumgalactic medium, and the impor-
tance of cooling flows and feedback processes on the evo-
lution of MW-type galaxies.
The importance of radiative cooling in the hot

gaseous halo may also be characterized by the
radiative power within the virial radius rvir, de-
fined as

Prad =

∫ rvir

rmin

∫ π

0

2πr2C sin θdrdθ. (22)

At T ∼ 106 K, the hot gas mainly emits in ultra-
violet (UV) and soft X-rays, and the UV emis-
sion dominates. Obviously, the radiative power
Prad increases with the halo gas mass Mg and the
gas metallicity Z. For given values of Mg and Z,
Prad increases gradually as the gas density distri-
bution becomes more centrally peaked. For the
halo gas model adopted in our simulations with a
typical metallicity Z = 0.3Z⊙, Prad increases from
1.05× 1040 erg/s when Mg = 0.1Mmbar to 9.46× 1040

erg/s when Mg = 0.3Mmbar to 2.63 × 1041 erg/s
when Mg = 0.5Mmbar to 1.06 × 1042 erg/s when
Mg = Mmbar. Note that Prad ∝ M2

g for a given Z.
The hot halo gas is expected to be heated by

stellar and AGN feedback processes. Assum-
ing the Galactic supernova rate of 1.9 events
per century (Diehl et al. 2006), and a charac-
teristic energy output of 1051 erg per supernova
(Ciotti et al. 1991; Li & Tonnesen 2019), the av-
erage heating rate from supernova feedback is
about 6.03×1041 erg/s, which is more than enough
to offset radiative cooling in most models un-
less Mg ! 0.76Mmbar. The heating rate from
AGN feedback in the Galaxy is harder to con-
strain from current observations. Assuming that
AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy ev-
ery 50 Myr and the energy output from each
event is around 2× 1055 erg (Zhang & Guo 2020;
Guo & Mathews 2012), the average AGN feed-
back heating rate is 1.27 × 1040 erg/s. Although
this is much less than the average supernova
feedback heating rate, AGN feedback deposits
energy to much larger regions in the halo, poten-

erg/s
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erage heating rate from supernova feedback is
about 6.03×1041 erg/s, which is more than enough
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AGN feedback in the Galaxy is harder to con-
strain from current observations. Assuming that
AGN feedback events similar to the Fermi bub-
bles (Su et al. 2010) happen in the Galaxy ev-
ery 50 Myr and the energy output from each
event is around 2× 1055 erg (Zhang & Guo 2020;
Guo & Mathews 2012), the average AGN feed-
back heating rate is 1.27 × 1040 erg/s. Although
this is much less than the average supernova
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Outstanding	Problems

• Does	the	shock	model	produce	cosmic	rays	radiating	the	observed	gamma	rays?	

• How	are	cosmic	rays	accelerated	in	the	Fermi	bubbles?	

• What	about	the	origin	of	the	North	Polar	Spur?	

• Are	Fermi	bubbles	common	in	disk	galaxies?	

• How	does	Fermi-bubble-like	events	affect	the	CGM	of	Milky	Way	like	galaxies?	

• Does	AGN	feedback	transform	star	forming	Milky-Way-like	galaxies	into	quenched	S0	
galaxies?	If	so,	when	does	this	happen	for	a	typical	disk	galaxy?
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Summary

• We	propose	a	physically	motivated	model	for	the	Milky	Way	CGM	

• We	propose	a	new	method	to	measure	the	Milky	Way	mass	based	on	the	CGM	
temperature,		

• Without	heating	sources,	cooling	flows	are	expected	to	develop	in	the	Milky	Way	CGM,	
leading	to	typical	mass	inflow	rates	of	5-10	solar	mass	per	year,	about	5	times	larger	than	
the	star	formation	rate.	Stellar	feedback	may	be	more	important	than	AGN	feedback	in	
heating	the	CGM.	

• We	propose	a	forward-shock	model	for	the	Fermi	bubbles,	which	were	formed	by	a	pair	
of	jets	emanating	from	Sgr	A*	about	5	Myr	ago.	This	model	explains	the	common	origin	
of	the	Fermi	bubbles	and	the	Galactic	center	X-ray	outflows.	The	energy	and	age	of	the	
bubbles	are	well	constrained	in	this	model.	

• Wind	models	could	not	explain	the	Fermi	bubbles	in	the	shock	scenario.
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The Milky Way (MW) mass Mvir is a fundamental quantity in astronomy. Although it has

been measured extensively, it is still uncertain to more than a factor of two due to limited

number or spatial coverage of kinematic tracers1, 2. Here we use a novel method to con-

strain Mvir based on the properties of the MW corona. We build a hydrostatic corona model

with non-thermal pressure support and a physically-motivated density profile, and derive the

temperature distribution, which depends on Mvir. While the temperature profile decreases

substantially with radius, the X-ray-emission-weighted average temperature Tem is quite uni-

form toward different sight lines, consistent with X-ray observations3, 4. Using available mea-

surements of Tem, we find that Mvir = 1.60+1.35
−0.41×1012M⊙ assuming an Navarro-Frenk-White

(NFW) total matter distribution. This estimate is independent of the uncertain total corona

mass and the gas temperature at very large radii, and is on the high mass side of current

measurements. Adopting a β model for the corona density distribution or a total matter

distribution contributed by an NFW dark matter distribution and a central cold baryonic

matter distribution leads to similar estimates of Mvir. Non-thermal pressure support, which

likely exists in the corona, leads to higher values of Mvir.

During cosmic structure formation, dark matter and baryonic particles fall into existing grav-
itational potential wells. Within the virial radius (rvir) of a gravitating halo, it is often assumed that

particles are virialized and lose memory of initial conditions, reaching a dynamical equilibrium.
Under this approximation, the halo matter distribution can be measured through the Jeans equa-
tion for collisionless particles5, such as dark matter, stars, globular clusters and satellite galaxies,

and through the hydrostatic equilibrium (HSE) equation for collisional particles such as hot gas6, 7.
The former method has been used extensively, including to measure the MW mass Mvir

1, 2, while
the latter has been used to measure the mass profiles of massive elliptical galaxies and galaxy

clusters6, 7.

X-ray observations of galaxy clusters often measure the radial temperature and density pro-
files of the hot halo gas up to about 0.5rvir8 and recently even up to rvir in some systems9. Assuming
spherical symmetry, hydrostatic masses M(< r) within a radius r can be determined from ther-

mal pressure gradients via ρ−1dP/dr = −GM(< r)/r2 (see Methods for the meanings of the
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