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ABSTRACT

We study the diffuse X-ray luminosity (LX) of star forming galaxies using 2-D axisymmetric hydro-
dynamical simulations and analytical considerations of supernovae (SNe) driven galactic outflows. We
find that the mass loading of the outflows, a crucial parameter for determining the X-ray luminosity,
is constrained by the availability of gas in the central star forming region, and a competition between
cooling and expansion. We show that the allowed range of the mass loading factor can explain the
observed scaling of LX with star formation rate (SFR) as LX ∝SFR2 for SFR& 1 M⊙ yr−1 , and a
flatter relation at low SFRs. We also show that the emission from the hot circumgalactic medium
(CGM) in the halo of massive galaxies can explain the sub-linear behaviour of the LX−SFR relation
as well as a large scatter in the diffuse X-ray emission for low SFRs (. few M⊙ yr−1 ). Our results
point out that galaxies with small SFRs and large diffuse X-ray luminosities are excellent candidates
for detection of the elusive CGM.
Subject headings: galaxies: general, starburst, halo – X-rays: galaxies – ISM: jets and outflows

1. INTRODUCTION

Understanding the feedback mechanisms in galaxies is
crucial in order to explain the evolution of galaxies (Lar-
son 1974; Dekel & Silk 1986; Sharma & Nath 2013) and
enrichment of the intergalactic medium (IGM) (Tegmark
& Silk 1993; Nath & Trentham 1997). It has been ob-
served (Strickland et al. 2002; Strickland & Heckman
2007) and noticed in numerical simulations (Hopkins et
al. 2012; Sarkar et al. 2015, hereafter S15) that a sig-
nificant fraction (∼ 0.3 − 0.5) of the input mechanical
energy is stored in a hot (T & 106 K), X-ray emitting
gas. Therefore, it is necessary to decipher the origin of
diffuse X-ray emission from star forming galaxies to un-
derstand the feedback mechanisms.
In the case of stellar feedback processes producing a

gaseous outflow, the hot gas can form in (i) the central
region where star formation occurs, (ii) the free wind,
(iii) the interaction zone between the wind and halo gas
surrounding the galaxy, and (iv) the interaction region
of wind and dense clouds (Suchkov et al. 1994, 1996;
strickland & Stevens 2000; Cooper et al. 2008, 2009;
Thompson et al. 2015). In addition, there is a non-
negligible contribution from the hot halo gas surround-
ing the galaxies. For well-resolved galaxies, this basic
scenario can be used to investigate the kinematic proper-
ties of the wind. For example, using X-ray observations,
Strickland & Heckman (2007) found that the velocity of
the outflow in the central region (∼ 100 pc) of M82 can
be as large as ∼ 103 km s−1 and the mass outflow rate
in the hot phase is ∼ 1/3 of the SFR in that galaxy.
However, some aspects of the diffuse X-ray emission

remain puzzling. Using 2D axisymmetric simulations for
a galaxy with SFR ∼ 1 M⊙ yr−1 , Suchkov et al. (1994)
found that the shocked halo emission dominates over the
emission from the central part. In contrast, using a full
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3D simulation of M82 (SFR ∼ 10 M⊙ yr−1 ) Cooper
et al. (2008) showed that most of the emission comes
from the central region and free wind rather than halo.
Cooper et al. (2008, 2009) also noticed that a part of the
emission comes from the interaction of clouds and the
high velocity wind. However, a quantitative description
of this emission is unavailable.
Another problem involves the scaling relation between

the diffuse X-ray luminosity (not associated with point
sources directly or indirectly) and the SFR. A thermally
driven wind model (Chevaliar & Clegg 1985, hereafter,
CC85)1 suggests that the hot gas density at the central
region of galactic wind is∝ SFR, and therefore, the X-ray
luminosity ∝ SFR2. The temperature of the gas related
to the wind or shocked halo is . 2 × 107 K which emits
mostly in the soft band (0.5-2.0 keV). A recent observa-
tional study of diffuse X-ray emission, however, suggests
that the soft X-ray luminosity, LX ,∝ SFR (Mineo et al.
2012, hereafter, M12), though other scalings cannot be
ruled out. Zhang et al. 2014 and Bustard et al. 2015 at-
tempted to reconcile the observations with the expected
scaling by adjusting parameters such as the mass loading
factor (MLF; mass outflow rate/SFR = β) and the ther-
malisation efficiency (α). They suggested that an inverse
dependence of β on SFR in order to explain the observed
LX−SFR relation. However, the physical origin for such
an inverse relation remains unexplained.
Yet another problem is that galaxies with low SFR

(≤ few M⊙ yr−1) show a flatter LX−SFR relation with
large scatter in the diffuse X-ray luminosity (Wang et
al. 2015, hereafter, W15), implying that other factors
beyond stellar feedback contribute significantly to X-ray
emission.

1 Note that, the CC85 model with a smooth thermalised wind
is only applicable for SFRs larger than a critical value (≈ 0.1 M⊙

yr−1 ) (Sharma et al. 2014). Therefore, CC85 is a good approxi-
mation in the range of SFRs of our interest.

http://arxiv.org/abs/1601.00394v1
mailto:$^\star $kcsarkar@rri.res.in


2 Sarkar, Nath, Sharma & Shchekinov

10
−2

10
−1

10
0

10
1

10
2

10
3

10
−1

10
0

10
1

SFR [ M⊙ yr-1 ]

β
m

a
x

βglobal

βtcool <tdyn

βmaxxray

βtotmax

Fig. 1.— Threshold values of MLF (β) as a function of SFR
from various considerations: the availability of gas mass (blue);
cooling time (green); and X-ray luminosity in the central region
(red). The maximum allowed β is shown by circles. Parameters
used here are R = 200 pc, nism = 10 cm−3, ∆t = 30 Myr, α = 0.3
and metallicity = Z⊙.

In this letter, we constrain the mass loading factor
based on the amount of interstellar medium (ISM) mass
available and by the requirement that the cooling time
be longer than the outflow expansion time. Using this,
we show that at large SFRs the X-ray luminosity (LX)
indeed scales as SFR2, but at smaller SFRs the X-ray
emission from the circumgalactic medium (CGM; which
is insensitive to SFR) starts to dominate. This behaviour
can lead to the observed LX ∝ SFR if one fits a single
power law to observations.
The paper is organised as follows. We start with de-

scribing constrains on MLF in section 2. Brief simulation
details are given in section 3. In section 4, we present
the results from our analytical considerations and simu-
lations and show the consistency of our model with the
data. Finally, we discuss the implications of our results
in section 5.

2. MASS LOADING OF OUTFLOWS

Consider galaxies with outflows driven by thermal feed-
back from star formation, which we model as a thermal
wind within a central region of size R (following CC85).
The energy and mass injection in the central zone is
parametrised by Ṁ and Ė, which are respectively the
mass deposition rate and the energy deposition rate, and
are given by Ṁ = β SFR and Ė = 5×1015α SFR (assum-
ing a Kroupa/Chabrier mass function, and an efficiency

α ≈ 0.3 for energy deposition; here Ė, Ṁ and SFR are
in CGS units).
The X-ray luminosity of a galactic wind sensitively de-

pends on the MLF, β (Zhang et al. (2014)). MLF is
governed by following considerations: (a) Stellar evo-
lution models suggest that stellar winds and supernova
ejecta (without entrainment from the surrounding ISM)
contribute to β0 ≈ 0.3 (Leitherer et al. 1999), (b) the
outflowing gas entrains mass from the surrounding ISM.
However, the entrained mass (due to conduction and KH
instabilities) cannot be larger than the total ISM mass
Mg(= 4πµmpnismR

3/3) available within the central star-
burst region of radius R. Therefore, an upper limit of

MLF is given by

βglobal = β0+
Mg/∆t

SFR
= 0.3+0.06×

nism R3
100pc

SFRM⊙ yr−1∆tMyr
,

(1)
where, nism is the ambient ISM number density, ∆t is
the age of the starburst . (c) A further constraint arises
from the cooling time of this central gas to be longer than
the expansion time, otherwise most mass will condensate
radiatively and drop out of the outflow (see equation 10
of Thompson et al. 2015; for a wind opening angle of
60◦). (d) A related constraint is that for the total X-
ray luminosity of the central region (≈ 4πn2

cΛ(Tc)R
3/3;

where, nc = 0.3Ṁ3/2Ė−1/2R−2/µmp is the central ISM
number density; µ = 0.6, is the mean molecular weight; Λ
is the cooling function (erg s−1cm−3); Tc = 1.4×107α/β,
is the central temperature (see CC85)) should be smaller

than the energy deposition rate (Ė), This gives an upper
limit on MLF, namely,

βmax xray =

(

13.5α2
0.3R100pc

SFRM⊙ yr−1Λ−23(T, Z)

)1/3

, (2)

where, Λ−23(T, Z) is the emission function at a partic-
ular X-ray energy band (in units of 10−23 erg s−1cm3),
temperature (T ) and metallicity (Z).
In the case of high β, the outflowing gas has a large ram

pressure (∝ Ṁ1/2Ė1/2 ∝ β1/2) on the surrounding gas,
and is likely to entrain more gas. It is therefore reason-
able to assume that β is likely to attain the maximum
allowed value under the above considerations (b,c,d in
previous paragraph). Figure 1 shows various threshold
values of β as a function of SFR. Open circles show the
maximum values of β allowed by these considerations.

3. SIMULATION DETAILS

We perform 2-D axisymmetric hydrodynamic simula-
tions using PLUTO (Mignone et al. 2007). We simulate
only one quadrant of a MW type galaxy (total mass
Mvir = 1012 M⊙ ). The initial condition for the galaxy is
in dynamical equilibrium with of a warm, rotating disc
(T ∼ 4×104 K; with Solar metallicity) and a hot gaseous
halo (T = 3×106 K; with 0.1 Solar metallicity) surround-
ing the galaxy. We vary SFR for the same disc/halo
properties. The disc gas is not allowed to cool if it is not
shocked/perturbed; i.e., unless

√

v2r + v2θ ≥ 20 km s−1.
Other details of the model can be found in S15.
The SNe energy is deposited continuously in form of

thermal energy in a spherical region of radius R at the
centre of the galaxy. In reality, most of the SNe occurs
in a low density medium created by the previous SNe ex-
plosions and stellar winds. To mimic this, we create an
artificially low density medium (10−2 mp cm−3 ) at t = 0
for r ≤ R (in local pressure equilibrium with the region
outside) and then deposit the SNe energy and mass (with
Z⊙) inside it. This also prevents artificial cooling loses
due to lack of sufficient numerical resolution. For esti-
mating the X-ray emission function (ΛX(T, Z)), we use
MEKAL model at 0.2 and 1.0 Z⊙ and linearly interpolate
for all other metallicities (from 0.1 to 1.0 Z⊙).

4. RESULTS
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Fig. 2.— Snapshots of density (left panel), temperature (middle panel) and soft X-ray (0.5-2.0 keV) emissivity (right panel) contours at
t = 20 Myr for SFR = 5 M⊙ yr−1 and central halo density ρh0 = 3× 10−4 mp cm−3 with total grid points = 5122. The labels in the left
panel are as follows: FW- Free Wind, SW- Shocked Wind and SH- Shocked Halo. Note that we have used colourbar between 10−36 and
10−28 erg s−1cm−3 (right panel) but the core emissivity is ∼ 10−21 erg s−1.

Figure 2 shows snapshots of density, temperature and
soft X-ray emissivity for SFR = 5 M⊙ yr−1 and back-
ground halo density ρh0 = 3 × 10−4 mp cm−3 at t = 20
Myr. It shows a typical structure containing free wind,
termination shock, shocked wind, shocked halo and un-
shocked halo as labelled in the left panel (Weaver et al.
1977). The soft X-ray (0.5-2.0 keV) emissivity (right-
most panel) shows the origin of X-ray emission in a typ-
ical galactic wind. It shows that the X-ray emission
comes predominantly from the central region, followed
by shocked wind, shocked halo and halo region.
We find that the luminosity of the central region be-

comes constant after t & 2 Myr. Though the contribu-
tion of the outer parts (consisting of the shocked wind,
shocked halo and the CGM) increases with time because
of the increased volume of the shocked halo gas and con-
tinuous energy pumping from the wind, the X-ray lumi-
nosity from the central injection region and the CGM
dominates. Here we present analytic scalings of these
components.
Following CC85, the central luminosity (for r ≤ R)

can be estimated in the case of a uniform density (ρc =
µmpnc) central region (of volume 4πR3/3) as LX,C =

1.3×1040α−1β3SFR2R−1
100pcΛ−23(T, Z) erg s−1. However

this is an overestimate since the density in the central
region is not quite uniform. Results from our simulations
are well fit by,

LX,C

erg s−1 ≈ 3× 1039α−1β3SFR2R−1
100pcΛ−23(T, Z) . (3)

The next important contribution towards X-ray emis-
sion comes from the CGM which contains a significant
fraction of the missing baryonic mass, as seen in X-ray
(Anderson & Bregman 2011; Bogdan et al. 2012; Dai et
al. 2012) and absorption studies (Bordoloi et al. 2014;
Borthakur et al. 2015).
The CGM density profile can be approximated as

n0 (1 + r/rc)
−3/4, with a core radius rc (≈ 3 kpc) and

central density n0 (see Figure 1 of S15). While this is
clearly an approximation, the density values are not that
different from estimates in the literature (e.g., Sharma et
al. 2012; Fang et al. 2013; Gatto et al. 2013). If the
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Fig. 3.— Comparison of the soft X-ray luminosities and observed
data (magenta squares for M12 and blue asterix for W15) for var-
ious models. The green and blue lines show LX,C for β = 0.3 and
βmax for R = 200 pc. The inset shows that LX ∝ SFR at larger
SFRs (& 100 M⊙ yr−1 ) where cooling threshold becomes more
important than mass loading (see Fig. 1). The red, cyan and ma-
genta lines show LX(= LX,C(β = 0.3)+LX,CGM ) for n0,−3 = 0.3,
whereas, the golden line shows LX for n0,−3 = 1. Notice that, high
values of LX(∼ 1040 erg s−1) for low SFR galaxies can be obtained
for moderate values of MCGM but using a higher value of n0,−3

(also see eq. 4).

CGM gas is spread over a length scale r/rc = x ≫ 1,
then the X-ray luminosity can be expressed in terms
of MCGM (= 1010MCGM,10 M⊙), the total CGM gas
mass (we express the dependence of LX,CGM on the ex-
tent of the CGM in terms of MCGM ), as LX,CGM ≈

5.4 × 1040 n
4/3
0,−3 rc,3 Λ−23 M

2/3
CGM,10 erg s−1 , where n0 =

10−3n0,−3 cm−3 and rc = 3rc,3 kpc. However, our simu-
lation results show that the actual luminosity from CGM
is somewhat less than this, because of the approximation
(x ≫ 1) used in arriving at it, and is better represented
by,

LX,CGM

erg s−1 ≈ 8.6× 1039 n
4/3
0,−3 rc,3 Λ−23(T, Z)M

2/3
CGM,10 .

(4)
Next we compare the X-ray luminosity from our simu-

lations (and scaled according to Eqs 3 and 4 for different
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CC85 and CGM properties) with the observed data. Fig-
ure 3 shows the LX-SFR relation from our models. The
green and blue lines show LX,C for the cases of β = 0.3
and the maximum β ( circles in Figure 1), respectively.
We find that the data from M12, shown in red squares,
are explained by LX,C for the range of 0.3 ≤ β ≤ βmax,
where βmax is determined by the available ISM mass
and the radiative cooling time, as discussed in section
2, whereas, a higher β for smaller SFRs due to the ISM
mass loading makes the relation shallower at smaller
SFRs. The data, which have hitherto been fit with a
linear scaling between LX and SFR, actually belong to
two different regimes: a quadratic scaling at large SFRs
and a flattening at smaller SFRs. In fact, the constraint
of MLF from available ISM mass predicts β ∝ SFR−2/3

from 0.1 to a few M⊙ yr−1 (Figure 1), which when put
in eqn 3 makes LX independent of SFR. Note that the
ISM mass availability constraint, which we highlight for
the first time, is the most stringent for SFRs of interest.
The different lines that flatten towards the lowest SFRs

in Figure 3 show the total luminosity (for β = 0.3) after
adding the contribution from CGM with different masses
and densities for T = 3× 106 K and Z = 0.1Z⊙. We find
that these curves can reasonably explain the data from
W15 ( shown with the blue stars in Figure 3). The X-ray
luminosity in data flattens out at low SFRs because of the
contribution from the CGM. W15 also find a dependence

of LX on stellar mass; namely, LX/LK ∝ (SFR/M⋆)
0.3

(which is equivalent to LX/SFR ∝ [M⋆/SFR]
0.7 assum-

ing LK ∝ M⋆), where LK and M⋆ are K-band luminosity
and stellar mass of the galaxies, respectively. The stel-
lar/halo mass dependence can naturally come from the
CGM, which is more massive for larger galaxies (see Eq.
4). In fact, the relations above indicate a ‘fundamental
plane’ in LX , M⋆ and SFR space, i.e. LX ∝ M0.7

⋆ SFR0.3

(for SFR . few M⊙ yr−1 ), the existence of which can
be tested with future observations.
Since the CGM mass is not yet reliably measured from

observations, we can study the relation of LX with the
expected scaling of CGM mass with stellar/halo mass.
Recent observations suggest that about half of the miss-
ing baryons is in the form of cold clumps, and the rest
could be warm-hot CGM gas (Werk et al. 2014). Since
stellar mass comprises about a third, the mass of the
warm-hot component of CGM gas can be comparable to
M∗.
Assuming that the CGM gas mass is equal to the to-

tal stellar mass, in Figure 4 we show the relation be-
tween LX/SFR and M∗/SFR, where M∗ is the total
stellar mass. The data from W15 are shown along with
the curves for different values of MCGM (= M⋆). The
highest SFR systems lie to left in this plot. The lines
with different stellar/CGM masses look reasonably con-
sistent with the data. The observed scaling of LX/SFR
∝ (M∗/SFR)

0.6 can be easily explained by the scaling of

LX,CGM ∝ M
2/3
CGM (eqn 4), for the CGM X-ray emission,

which dominates in the low SFR (right portion of Figure
4). We also notice that the curves in Fig 4 show a neg-
ative slope for high SFR galaxies (on the left), which is
consistent with the observed trend for high SFR galaxies
in W15.

5. DISCUSSION
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Fig. 4.— Data from W15 along with curves for total diffuse X-
ray luminosities for different values of MCGM . These correspond
to the same models as in Figure 3 but normalised to MCGM = M⋆.

Our key result is that the diffuse X-ray emission from
star-forming galaxies can be understood in terms of con-
tributions from the central thermalised wind (extending
over ∼ 100 pc) and the extended CGM. For higher SFRs
LX ∝ SFR2, whereas, the CGM contribution dominates
for SFR . 1 M⊙ yr−1 and accounts for the flattening of
the LX−SFR relation at low SFRs. Our model also pre-
dicts that the relation can be even flatter with a large
scatter, depending on the halo properties. Since the
CGM mass is expected to increase with the stellar/halo
mass, at smaller SFRs a higher LX can result from the
CGM contribution. In fact, the galaxies with low SFRs
but high LX are likely to contain a large amount of CGM
gas at temperatures of a few million degrees K, and are
good candidates for spiral galaxies with a detectable X-
ray emitting CGM (few such systems are reported by
Anderson & Bregman 2011; Bogdan et al. 2012).
The X-ray luminosity from the CGM (eqn 4) depends

on the CGM gas mass, density and temperature. We find
that for the typical range in temperature (as found in,
say, W15) of 2–8 × 106 K, the LX,CGM varies between
3× 1038–2.4× 1040 erg s−1, for MCGM = 1010 M⊙. This
spread arises from (a) the difference in emissivity with
temperature and (b) the density profile of CGM gas at
different temperatures. Figure 3 shows that this spread
in X-ray luminosity from the CGM gas can explain the
data. We should however keep in mind that the spread
in the data Figure 4 can partly arises from the spread in
the relation between SFR and galaxy dynamical mass,
which is likely related to M∗ (Karachentsev & Kaisina
2013). We also note that the central SFR used in our
models is an underestimation of a disc-wide SFR. This
can also be responsible for the spread in the observed
data.
It is generally believed that the CGM around low mass

galaxies (M⋆ . few ×109M⊙) would have a low virial
temperature (few ×105K), which would make the CGM
vulnerable to radiative cooling as the cooling time would
become less than the dynamical time of the galaxy (Singh
et al. 2015). However, hot CGM around low mass galax-
ies can be formed from the hot and low density material
ejected from disc supernovae which does not have suf-
ficient energy to escape the galactic potential but have
a long cooling time. This rejuvenated halo around low
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mass galaxies may give rise to the X-rays seen in low mass
galaxies (which are also low SFR galaxies, in the pre-
sented data). The spread in LX−SFR relation at the low
SFR end can be partly due to the ill-understood, com-
plex thermodynamic state of such low speed outflows.
Though observations of the total X-ray emission (0.5-

8.0 keV) (Mineo et al. 2014) show a linear relation, it
is, however, supposed to be contaminated by high mass
X-ray binaries (HMXB) (Grimm et al. 2003) and should
best be considered as an indicator to the SFR (since,
number of HMXBs ∝ SFR) rather than diffuse X-ray
related to the galactic wind.
We also note that the linear relation of X-ray luminos-

ity from the shocked wind and halo as observed in highly
inclined galaxies by Strickland et al. (2004); Tüllmann

et al. (2006); Li & Wang (2013) have to be studied sepa-
rately as the soft X-ray emission from the central part of
these galaxies is heavily absorbed by the galactic disc and
does not represent the total emission. We will address
these issues in detail in a future paper.
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