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ABSTRACT

Type Ia supernovae (Ia SNe) provide a rich source of iron for hot gas in galactic

stellar spheroids. However, the expected super-solar iron abundance of the hot gas is

not observed. Instead, X-ray observations often show decreasing iron abundance toward

galactic central regions, where the Ia SN enrichment is expected to be the highest. We

examine the cause of this missing iron problem by studying the enrichment process and

its effect on X-ray abundance measurements of the hot gas. The evolution of Ia SN iron

ejecta is simulated in the context of galaxy-wide hot gas outflows, in both supersonic and

subsonic cases, as may be expected for hot gas in galactic bulges or elliptical galaxies of

intermediate masses. SN reverse-shock heated iron ejecta is typically found to have a

very high temperature and low density, hence producing little X-ray emission. Such hot

ejecta, driven by its large buoyancy, can quickly reach a substantially higher outward

velocity than the ambient medium, which is dominated by mass loss from evolved stars.

The ejecta is gradually and dynamically mixed with the medium at large galactic radii.

The ejecta is also slowly diluted and cooled by insitu mass injection from evolved stars.

These processes together naturally result in the observed positive gradient in the average

radial iron abundance distribution of the hot gas, even if mass-weighted. This trend is in

addition to the X-ray measurement bias that tends to underestimate the iron abundance

for the hot gas with a temperature distribution.

1. Introduction

Soft X-ray emission of hot gas in and around galaxies depends heavily on the properties of met-

als (i.e., elements heavier than helium). Due to the concentrated enrichment of Type Ia supernovae

(Ia SNe), the primary iron provider of the universe, hot gas in galactic stellar spheroids (galactic

bulges and elliptical galaxies), in particular, is expected to have a super-solar iron abundance. Away

from such a stellar spheroid, the iron-rich hot gas might be diluted by in-falling low-abundance gas.

Thus a monotonically decreasing iron abundance profile as a function of galactic radius is also ex-

pected (e.g., Buote 2000a; Borgani et al. 2008) and is indeed observed on scales of the intragroup

and intracluster media.

On smaller scales (within individual stellar spheroids and their immediate vicinity), however,

X-ray-inferred iron abundances of the hot gas seem to be at odds with the predictions. The

http://arxiv.org/abs/1006.4976v1
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abundances are typically sub-solar for low- and intermediate-mass spheroids with log(Lx) . 41 to

about solar for more massive ones (e.g., Humphrey & Buote 2006), substantially less than what

are expected from the Ia SN enrichment. Furthermore, a number of galaxies show a significant iron

abundance drop toward their central regions, where the stellar feedback should be the strongest.

Examples of this abundance drop include M87 (Gastaldello & Molendi 2002), NGC 4472, NGC

5846 (Buote 2000a), and NGC 5044 (Buote et al. 2003). The inward drop of the iron abundance

and its low value in general are so far not understood, which may indicate that only a small portion

of metals produced by Ia SNe is observed, while the rest is either expelled or in a state that the

present X-ray data are not sensitive to.

Brighenti & Mathews (2005) have explored the possibility that the iron produced by Ia SNe

may have radiatively cooled and may then have avoided the detection. Based on a 1-D modeling

of Ia SN remnant (SNR) evolution, they have demonstrated that the iron-rich ejecta may cool

rapidly to low temperatures because of its large radiative emissivity. This scenario assumes that

the cooling occurs within a critical time scale for the ejecta to be mixed microscopically with

the ambient medium to an iron abundance below about 100 solar. This critical time scale is not

determined, but should partly depend on the uncertain magnetic field strength and configuration,

which can substantially affect the effectiveness of the iron diffusion. The mixing, of course, can also

be dynamic in the violent environment of galactic stellar spheroids.

We have studied the Ia SNR evolution in a more realist setting. We have conducted 3-D

hydrodynamic simulations of hot gas in a typical galactic stellar spheroid of an intermediate-

mass (i.e., a galactic halo mass Mh ∼ 1012M⊙) in a relatively isolated environment. The hot

gas is expected to be in a galaxy-wide outflow, either supersonic or subsonic, depending largely

on the feedback history of the galaxy (Tang et al. 2009a). Tang et al. (2009b) have presented

simulations for the supersonic outflow case and have discussed several important 3-D effects: (1)

SN ejecta is not well mixed with the ambient medium, and soft X-ray emission arises primarily from

relatively low temperature gas shells associated with SN blastwaves; (2) The inhomogeneity in the

gas temperature substantially alters the emission spectral shape, which can lead to an artificially

lower iron abundance (by a factor of 2-3) in a spectral fit with a simplistic thermal plasma model;

(3) The average 1-D and 3-D simulations give substantially different radial temperature profiles

(e.g., the inner temperature gradient in the 3-D simulation is positive, mimicking a “cooling flow”);

(4) The inhomogeneity also enhances the diffuse X-ray luminosity by a factor of a few.

In the present work, we focus on the evolution of SN ejecta and its effect on the average iron

abundance measurements of the hot gas in both supersonic and subsonic outflow cases. We use the

3-D simulations to study the dilution of Ia SN iron ejecta by the stellar mass loss and the dynamic

mixing with the ambient medium as well as the bulk radial outflows at abundance-dependent

velocities. We demonstrate that the dropout of the iron ejecta is unlikely to be important because

of the effective dynamic mixing and dilution. But the differential outflows and their gradual mixing

can naturally result in an iron abundance profile qualitatively similar to what is observed. The

non-uniformity of the iron abundance in the flow could also lead to an underestimate of the globally
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averaged iron abundance in X-ray spectral measurements. These effects are in addition to the bias

that is caused by the broad temperature distribution of the hot gas considered in Tang et al.

(2009b), where only supersonic outflows are simulated and a uniform solar abundance is assumed

for mock X-ray spectral analysis.

The rest of the paper is organized as follows: We first describe in § 2 our model inputs and

simulation setups and then present in § 3 our new results; We give simple explanations for a few

key phenomena in § 4 and summarize the work in § 5. Throughout of the paper, we adopt the

solar metal abundances as listed in Anders & Grevesse (1989); in particular, our quoted iron mass

abundances (i.e., the ratio of iron mass to hydrogen mass,) are relative to the solar value 2.6×10−3.

2. Model Inputs and Simulation Setups

Ideally we should conduct the high-resolution 3-D simulations of the entire life of a galaxy.

3-D effects can be important in determining the early evolution of a galactic spheroid, especially

in its starburst stage when the gas is in multiple phases (Tang et al. 2009b). But at present such

a simulation is far too expensive to be performed with sufficient resolution to trace the detailed

chemical enrichment. Thus, we have modeled the evolution of large-scale gaseous outflows in 1-D

simulations to capture the global hot gas dynamics around the galaxies (Tang et al. 2009b). In the

present paper, we focus on 3-D effects of the Ia SN enrichement in the globally established hot gas

outflows in a region of a few kpc radius around the center of a spheroid to facilitate potential direct

comparison with X-ray observations. Across this region, the dynamic time scale is short, allowing

for detailed 3-D simulations. We find that the 3-D effects are important for small-scale density,

temperature, and abundance structures, but have little impact on the global average dynamics of

the outflows. Therefore, our approach is self-consistent.

The present investigation is based primarily on two 3-D simulations of hot gas in galaxy-wide

outflows driven by Ia SNe in galactic stellar spheroids. The supersonic case corresponds to the

bulk outflow that reaches a sonic point (at radius ∼ 1.4 kpc), whereas the subsonic one does not.

The basic setup for these two cases is the same; the model parameters are listed in Table 1. The

only difference between the two is the setup of the initial conditions: the supersonic case starts

Table 1. Basic Model Parameters

Parameter Value

Present Mass loss rate (M⊙ yr−1) 0.075

Present energy input rate ( erg s−1) 1.2 × 1040

Bulge stellar mass M∗ (M⊙) 3× 1010

Bulge scale rb (kpc) 0.7

Halo mass Mh (M⊙) 1012
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from the 1-D solution, similar to what is presented in Tang et al. (2009b), whereas the subsonic

case starts from the final output of a 1-D simulation, which includes the evolution of the circum-

galactic medium in a more realistic context of galaxy evolution (Model VE; Tang et al. 2009a).

By comparing results from the two cases, we intend to illustrate the dependence of the iron ejecta

evolution on the global outflow speed.

Both the gas mass and the mechanical energy injections are assumed to follow the same smooth

distribution as the stars, which is a Hernquist profile (Hernquist 1990) with the characteristic radius

of rb. The uncertainties in the mass and energy injection rates are a factor of ∼ 2, depending on

specific empirical calibrations, potential mass-loading from cool gas, etc. (e.g., David et al. 2006;

Tang et al. 2009a and references therein). Our chosen energy rate is on the lower side of the

uncertainty range, whereas the mass rate is on the higher side. These choices result in on average a

lower gas temperature, a greater soft X-ray emissivity, and a lower iron abundance, which are more

close to what are directly inferred from X-ray observations. In particular, existing studies have

shown that the soft X-ray luminosities of spheroids are typically substantially higher than those

predicted by the supersonic wind model, indicating that hot gas may most likely be in subsonic

outflows Tang et al. (2009a,b). However, this conclusion is still very tentative; a more careful

systematic analysis of existing data is required. For low- or intermediate-mass spheroids, the soft X-

ray contribution from faint cataclysmic variables and coronally active binaries becomes important,

which needs to be carefully subtracted. Indeed, the very faint diffuse X-ray emission from NGC

3379 after the subtraction of this contribution seems to be consistent with the superwind model

(Trinchieri et al. 2008). Therefore, our simulations of both the supersonic wind and the subsonic

outflow should provide a qualitative characterization of the 3-D effects on the Ia SN chemical

enrichment of hot gas for both low- and intermediate-mass spheroids. The 1-D models also assume

an instantaneous mixing between the ejecta and stellar mass injection and hence a uniform iron

abundance of 2.7 solar. We have ignored any feedback from the supermassive black hole expected

to be present at the center of a spheroid. This feedback, likely occurring in bursts with certain

preferential directions (e.g., in form of jets), can occasionally result in significant disturbances in

global hot gas distributions, as reflected by the asymmetric X-ray morphologies observed in some

elliptical galaxies (Diehl & Statler 2008). But, averaged over the time, Ia SNe are energetically

more important for a low- or intermediate-mass spheroid with LK . 1011L⊙K (David et al. 2006).

The simulations are performed with FLASH (Fryxell et al. 2000), an Eulerian astrophysical

hydrodynamics code with the adaptive mesh refinement (AMR) capability. The 3-D simulated box,

128 kpc on a side, is centered on the spheroid and has the so-called outflow (sometimes called zero-

gradient) boundary condition. As in Tang et al. (2009b), only one octant of the box is simulated

at full resolution (down to about 4 pc), while the resolution is degraded by a factor of four in the

rest of the grid, except for regions where SNRs seeds have just been embedded. The difference

in the resolution between the regions of the same simulation allows us to check the resolution

effect (e.g., on the X-ray luminosity), which appears to be rather small. In the 3-D simulations,

the Ia SN injection follows the star distribution only statistically (Tang et al. 2009b). For each
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“randomly” generated SN, its remnant seed is extracted from a library of 1-D simulated radial

density, temperature, and velocity profiles and is scaled appropriately before being planted into the

3-D simulations (Tang & Wang 2005, 2009).

We evolve the two simulations till the averaged radial profiles of the density, pressure, and

abundance have reached a statistically steady state inside the galactic radius of 10 kpc. For any

quantitative analysis, we will use only the data within this radius to avoid any potential artifacts

introduced by the chosen boundary condition, in the high-resolution octant, and during the final

stabled period.

For the calculation of the X-ray emission and the cooling of the hot gas, we use the MEKAL

plasma model (Mewe et al 1985; Liedahl et al. 1995), extracted from the XSPEC package. The

cooling function of the gas is divided into the iron-free part ΛnoFe(T ) and the pure iron rate Λ
Fe
(T ),

which are shown in Fig. 1 (see also Brighenti & Mathews 2005).

3. Results

Fig. 2 shows a sample snapshot of our simulated subsonic outflow, with perspectives on the

density, temperature, pressure, and iron mass fraction distributions across one plane cutting through

the simulated box. The highly structured distributions of the hot gas are similar to those seen in

the supersonic case (§ 1; Tang et al. 2009b), although features in the subsonic case tend to be

more compact because of its higher average gas density. Time-sequenced close-ups of a region near

the center of the subsonic outflow is presented in Fig. 3, demonstrating the evolution of several

SNRs as well as the bulk motion. The feature labeled with “A” in the upper left panel, for example,

represents the iron core of a newly embedded SNR. As indicated in subsequent panels, the iron core

is gradually diluted by the local mass injection from evolved stars. In the mean time, the shapes of

the core as well as the outer shell are strongly affected by the impacts of nearby SNRs (lower row).

Because of both the dilution and the mixing with the surrounding medium, the iron abundance of

the core is reduced to about 10 solar after about 1.5Myr (right panel). This time scale is much

too short to allow for significant cooling of the ejecta. Due to the limited spatial resolution of the

simulations, the resultant iron distribution should be slightly more diffusive than the reality. But

the iron mixing appears to be dominated by the random impacts or gas turbulence. In fact, we find

no significant difference between the iron distributions extracted from the low and high resolution

octants.

Fig. 4 shows various averaged number density, temperature, and pressure profiles extracted

from the two simulations. As expected, the profiles for the subsonic outflow are much flatter

than those for the supersonic ones. The difference in the density, for example, is about one order of

magnitude at large radii. The profiles of the hot gas components in four iron abundance ranges show

interesting differences and similarities. In general, the higher the abundance of a gas component

is, the smaller the number density or the higher the temperature is. Except for the component
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Fig. 1.— Radiative coefficients of optically-thin thermal plasma with various abundance composi-

tions: pure iron (ΛFe, which is decreased by a factor of 103 for easy visualization; solid lines), solar

abundance without iron (ΛnoFe; long-dash lines), and solar abundance (Λ⊙; dash-dot lines). All

these coefficients are constructed from XSPEC using the MEKAL model. The black and colored lines

denote the coefficients in 0.3-2.0 keV band, while the corresponding gray lines are in the bolometric

band. Note that Λ⊙ = ΛnoFe + 4.68 × 10−5ΛFe.
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Fig. 2.— Snapshot of the 3-D simulated subsonic outflow in the z = 8 pc plane, showing the density

(a), temperature (b), iron abundance (c), and pressure of the gas (d). All plots are logarithmically

scaled according to the color bars. Note that the upper right quarter region in each panel denotes

the data from the octant at full resolution.
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Fig. 3.— Close-ups of SNR evolution: iron abundance mostly sensitive to SN ejecta (upper row) and

pressure sensitive to outer blastwave shells (lower row). The color scales are plotted logarithmically.

The three panels in each row represent the same physical area of 0.6 kpc × 0.6 kpc; the low left

corner of each panel is projected to the center of the model spheroid; the middle and right panels

are snap-shots taken 0.86 and 1.52Myr later after the left one. Features that orignated from the

same SN ejectors are marked with the same letters in the panels. The apparent systematic motion

of the features to the right and/or top of the area, as seen from the left to right panels, is due

to the bulk outward flow of the hot gas. The brightest circular red disk in the lower right panel

represents a remnant that is cut on a side that does not cross the SN iron ejecta and thus does not

show up in the upper right panel.
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with the highest abundance, the other components all have similar pressure profiles. This means

that the bulk of the gas is approximately in a pressure equilibrium, although the temperature

and density distributions may still be highly structured. Similar phenomena are also reported for

simulations of the SN dominated interstellar medium in the Galaxy (de Avillez & Breitschwerdt

2005; Mac Low et al. 2005; Joung & Mac Low 2006) and in starburst regions (Joung et al. 2008).

Fig. 4.— Average radial electron number density, temperature, and pressure profiles for the su-

personic (left panel) and subsonic (right panel) cases. The profiles are plotted separately for the

gas components with different iron abundances: ZFe ≤ 3 (solid black line), 3 < ZFe ≤ 10 (dash-dot

cyan line), 10 < ZFe ≤ 100 (dash-three-dots red line), and ZFe > 100 (long-dash blue line).

Fig. 5 demonstrates that gas with higher iron abundance generally has a larger net outward

radial velocity. The velocity of the gas component with ZFe > 100 fluctuates greatly, because it

represents young SNRs which may or may not have been fully accelerated by the buoyancy (see

§ 4.2). The gas component with 10 < ZFe ≤ 100, representing fully-accelerated and evolved SNRs

with moderate dilution, has the largest velocity.

Fig. 6 shows the iron mass fractions of the individual gas components in the different abundance

ranges. The fractions in iron-rich components decrease considerably faster with increasing radius

in the subsonic case than in the supersonic one. This is because the outflow velocity is much slower

in the former case, leading to more dilution and mixing of the iron ejecta before moving to large

galactic radii.

Fig. 7 presents the radial profiles of the averaged iron abundance, weighted by three means.
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Fig. 5.— Average radial velocity profiles of the gas components with different iron abundances for

the supersonic (left) and subsonic (right) cases. The line styles are the same as those in Fig. 4.

Fig. 6.— Average radial iron mass fractions of the individual gas components in the different

abundance ranges for the supersonic (left) and subsonic (right) cases. The fractions are relative to

the total iron mass, which includes the iron mass from stars. The line styles are the same as those

in Fig. 4.
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The mass-weighted iron abundance, defined as

< ZFe,mw >=

∑

i fiρi∆Vi
∑

i ρi∆Vi

(1)

where fi and ρi is the iron mass abundance and mass density in a simulated sub-volume ∆Vi, while

the sum is over an interested region (e.g., a shell). < ZFe,mw > is thus directly proportional to the

iron mass in the region. Similarly, we can define the emission measure-weighted iron abundance as

< ZFe,emw >=

∑

i fine,inH,i∆Vi
∑

i ne,inH,i∆Vi

, (2)

where the electron number density ne,i is related to the hydrogen number density nH,i (hence

ρi) and the ZFe,i in the same way as described by Brighenti & Mathews (2005). < ZFe,emw >

probably represents the simplest way to estimate the equivalent abundance that can be compared

with an actual measurement based on X-ray emission. An alternative model proxy to the X-ray

emission-inferred value is the emission-weighted iron abundance,

< ZFe,ew >=

∑

i fine,i(nH,iΛnoFe + n
Fe
ΛFe)∆Vi

∑

i ne,i(nH,iΛnoFe + n
Fe
ΛFe)∆Vi

. (3)

In our simulations, the <ZFe,ew> might be overestimated at large radii because SN iron cores are

not adequately resolved (i.e., the spatial resolution in regions of r > 5 kpc is reduced by a factor of

four), which numerically mixes the iron ejecta over a larger volume and effectively results in a higher

ne (hence stronger emission). Fig. 7 shows that the radial trends of these differently weighted iron

abundances are qualitatively the same: a positive gradient with a minimum value at the center!

The lower limit of the abundance is solar, assumed for the stellar mass loss.

4. Discussion

Here we attempt to give a physical account of several key phenomena observed in the simula-

tions presented above.

4.1. Thermal Evolution of Ia SN Iron Ejecta

We find no evidence for significant cooling of the hot gas, especially the iron ejecta, in our simu-

lated region. To have a better understanding of this issue, it is instructive to first consider a simple

1-D simulation of a typical SNR in a hot gas environment, as in Brighenti & Mathews (2005),

but in the context of an intermediate-mass spheroid considered here (Tang & Wang 2005). As

mentioned in § 2, the 1-D simulated SNR is also used to generate the seeds for the 3-D simulations.

Fig. 8 demonstrates the simulated SNR evolution in a uniform ambient medium of temperature

T0 = 107 K and electron density ne = 0.01 cm−3, appropriate for a region near the center of the
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Fig. 7.— Average radial iron abundance profiles for the supersonic (left panel) and subsonic (right

panel) cases. The profiles weighted by mass, emission, and emission measure are plotted separately

as labeled. The horizontal dash-dot gray line denotes the expected abundance if iron ejecta is

uniformly mixed with stellar mass loss materials.

spheroid. The core that encloses 0.7M⊙ reaches a size of 15 pc at the age of 104 years and increases

only slightly after that. This is also roughly the time scale for the ejecta to be fully thermalized

by the converging reverse shock. Then the core turns into a tenuous hot bubble, with a very low

density and high temperature. Outside the iron core is an envelope of the rest of the SN ejecta

(assumed to be 0.7M⊙). The swept-up material can also be heated to more than 108 K only initially

by the strong forward blastwave; the averaged temperature of the swept-up material is considerably

lower because of the quick weakening of the expanding blastwave and the adiabatic cooling of the

SNR. The radiative cooling time scale (Fig. 9) for such an SNR is much too long to be important,

compared to the outflow time of the hot gas from a spheroid (. 107 yrs). In particular, the X-ray

emission from the ejecta is largely undetectable.

We now consider additional processes that an SNR should experience in a spheroid. One is the

dilution due to mass injection from evolved stars (or evaporation of cloud-lets). As the dilution takes

place, ne increases while Λ
Fe
(T ) drops. The net result is that the cooling rate peaks when the iron

abundance drops to ∼ 100 solar (Brighenti & Mathews 2005). Further dilution tends to decrease

the cooling rate. Take the above 1-D SNR as an example. It takes about 2.7Myr for the SNR core

to accumulate an additional 5.4 M⊙, which dilutes the ejecta to an iron abundance of 100 solar, the

value to avoid rapid radiative cooling (Brighenti & Mathews 2005). In comparison, the time for

the SNR to flow this radius to 2 kpc is about 5Myr. Thus the dilution is important, although the

core should still have a high iron abundance when being transported out of the spheroid. Another

process is the mixing of the iron ejecta with the ambient medium. The density of bulk of the SNR

interior is always smaller than the surrounding medium, as demonstrated in the 1-D modeling, and

is likely subjected to the Rayleigh-Taylor instability (e.g., Sedov 1959; Wang & Chevalier 2001).



– 13 –

Fig. 8.— Sample density, temperature, pressure, and velocity profiles of an SNR at three different

ages: 8 × 103 yr (dash-three-dots blue line), 1.2 × 104 yr (dash red line), 3.9 × 104 yr (solid black

line). The arrows in the density panel denote the outer radii of the iron ejecta.

The passage of blastwaves produced by nearby SNe also tends to accelerate the mixing process,

especially in the inner spheroid region where the stellar density is very high. Our Euler-based

hydrodynamical simulations account for this cooling rate effect as well as the dilution and mixing

processes.

We conclude that the radiative cooling of the iron ejecta is unlikely to be important in the type

of spheroids we have considered. But we cannot rule out the possibility that Ia SN ejecta may cool

and drop off from hot gas in a more quiescent environment. In a giant elliptical galaxy considered

by Brighenti & Mathews (2005), hot gas density can be rather high, substantially increasing the

cooling, and the bulk motion may not be significant. Unfortunately, a 3-D simulation of the hot gas

in such an environment is still very difficult to conduct, because of both the large dynamic range

over a big volume and the difficulty to handle the boundary condition.

4.2. Buoyancy-Driven Dynamics of the Ejecta

One of our findings is that the differential radial outflows play an important role in determining

the iron abundance profile of the hot gas. The relatively large outflow speed of the iron-rich gas is

apparently caused by the presence of the buoyancy force. A reverse-shock heated SN ejecta bubble,

with a density that is one to two orders of magnitude less than that of the ambient medium, is



– 14 –

Fig. 9.— The cooling time scale as a function of radius, calculated with the profiles given in Fig. 8.
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subject to a buoyancy-driven acceleration as

abuoy = −g

(

ρ̄amb

ρ̄hb
− 1

)

, (4)

where g is the gravitational acceleration while ρ̄hb and ρ̄amb are the average densities of the bubble

and its ambient medium. For our adopted model spheroid, g ≃ 90 km s−1 Myr−1 at 0.5 kpc, for

example, and is larger near the galactic center. Assuming a typical ρ̄amb/ρ̄hb ≈ 10, the hot bubble

can be accelerated over a period of 0.2Myr to about 150 km s−1, a typical velocity difference

between the iron-rich gas and the bulk of the outflow. This velocity is also about the equilibrium

value that can be reached when the buoyancy force is balanced by a drag:

adrag = −v̂hb ·
1

2
CAhbv

2
hbρamb/mhb, (5)

where Ahb, mhb, and v̂hb are the maximum cross-section area, mass, and velocity of the hot bubble,

respectively. The coefficient C is suggested to be ∼ 1 (e.g., Jones et al. 1996). The above crude

estimates are consistent with the results from our detailed examination of individual hot bubbles in

the simulations, which naturally account for such complications as the changing sizes and shapes

as well as the decreasing density contrasts relative to the ambient medium.

4.3. Nature of the Iron Abundance Gradient

We find that the positive radial gradient of the iron abundance shown in Fig. 7 is due largely to

the differential outward velocities of the gas (Fig. 5). The relative fast outward motion of the iron-

rich gas naturally leads to a reduced iron mass fraction in the bulk outflow. For an illustration,

suppose that a model hot gas contains only two components: the first one (sub-scripted with

1 hereafter) is iron-free, whereas the second one (sub-scripted with 2) is pure iron. These two

components have outward mass fluxes at radius r:

F1 = 4πr2ρf1v1, (6)

F2 = 4πr2ρf2v2, (7)

where f and v represent the average mass fraction and outward velocity of each component, while

ρ is the total mass density of the gas. The iron abundance is then

ZFe ≡
f2

f1 + f2
(8)

≃
F2

F1

v1
v2

, (9)

where f2 << f1 is adopted because the total iron mass is no more than a few percent of the total

gas mass. The ratio F2/F1 is the same as the iron mass fraction of the injection from the stellar

mass loss, independent of the spatial lumpiness in the iron distribution. Eq. 9 thus illustrates that

the faster the iron-rich gas component moves relative to the rest of the outflow, the lower its mean

iron abundance should be.
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5. Summary and Conclusions

We have examined the evolution of Ia SN iron ejecta in the hot gas undergoing outflows from

a typical intermediate-mass galactic stellar spheroid. 3-D hydrodynamic simulations of this hot gas

are conducted for both supersonic and subsonic cases. These simulations show no evidence for the

iron ejecta to significantly cool and drop out of the hot gas. The largely inhomogeneous enrichment

and heating, inherited from sporadic Ia SNe, can significantly affect the X-ray measurement of the

mean iron abundance of the hot gas in two ways:

1. Hot and low-density iron bubbles, generated by Ia SNe, tend to move outward substantially

faster than the ambient medium. This differential motion, produced mainly in the inner

galactic region under the strong buoyancy force, effectively reduces the mean iron abundance

of the hot gas. The reduction decreases with the increasing galactic radius as the iron bubbles

are gradually mixed with the ambient medium and are diluted by fresh mass injection from

evolved stars.

2. Because of their high temperature and low density, the iron-rich bubbles hardly radiate, con-

tributing little to the X-ray emission of the hot gas (Tang et al. 2009a). The bulk of the

emission arises from the ambient medium swept up by SNR forward blastwaves, which has

higher densities and lower temperatures. This iron segregation as well as the density and

temperature distributions, most apparent again in the inner galactic region, can lead to a sig-

nificant underestimate of the actual mean iron abundance of the hot gas, when characterized

with a simplistic plasma model (e.g., with one- or two-temperature components).

These two effects together provide a natural explanation for the low iron abundance and its

positive radial gradient, as inferred from existing X-ray measurements of hot gas in various galactic

stellar spheroids. Unfortunately, a direct comparison with existing observations is still difficult. The

inward drop of the iron abundance is usually observed in massive spheroids. However, this is most

likely an observational bias. We are not aware of a reliable measurement of the abundance profile for

low- and intermediate-mass spheroids. Not only the counting statistics is typically insufficient, but

the contribution from faint cataclysmic variables and coronally active binaries becomes important as

well. This contribution, in particular, is typically not subtracted in existing studies. A more careful

data analysis is needed for such spheroids. The observational measurements for massive objects

are easier to make and more reliable. The measurement by Buote et al. (2003), for example, shows

that the iron abundance within the central ∼ 4 kpc radius of NGC 5044 is on average only ∼ 2/3 of

that in the 4-12 kpc surrounding region, which is consistent with the prediction from our simulation

of the subsonic outflow. However, NGC 5044 is a massive galaxy in a group, while the simulation

is suited for an intermediate-mass one. Thus, a quantitative comparison would be problematic,

although the 3-D effect of the buoyancy on the abundance distribution should remain the same

qualitatively.
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This work together with those presented in Tang et al. (2009a,b) demonstrates that X-ray

observations of hot gas in and around spheroids can potentially be used as a unique tool to probe

the dynamics of the feedback from evolved stars as well as SMBHs, which represents a very poorly

understood part of galaxy formation and evolution theories. To reach this goal, more work is

clearly needed to understand the hot gas, both theoretically and observationally. Particularly

useful will be spatially-resolved high-resolution spectroscopy of the hot gas, as could be provided

by the future International X-ray Observatory, as well as careful analysis of existing high-quality

X-ray imaging data. But a large parameter space of the modeling also needs to be explored to

facilitate quantitative comparisons with the existing and future observations.
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