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A B S T R A C T 

We consider the dynamics of and emission from growing superbubbles in a stratified interstellar gaseous disc driven by energy 

release from supernovae explosions in stellar clusters with masses M cl = 10 

5 − 1.6 × 10 

6 M �. Supernovae are spread randomly 

within a sphere of r c = 60 pc, and inject energy episodically with a specific rate 1 / 130 M 

−1 
� proportional to the star formation rate 

(SFR) in the cluster. Models are run for several values of SFR in the range 0.01 to 0.1 M � yr −1 , with the corresponding average 
surface energy input rate ∼0.04–0.4 erg cm 

−2 s −1 . We find that the discrete energy injection by isolated SNe are more efficient in 

blowing superbubbles: Asymptotically they reach heights of up to 3 to 16 kpc for M cl = 10 

5 − 1.6 × 10 

5 M �, correspondingly, 
and stay filled with a hot and dilute plasma for at least 30 Myr. During this time, they emit X-ray, H α and dust infrared emission. 
X-ray luminosities L X ∝ SFR 

3/5 that we derive here are consistent with observations in star-forming galaxies. Even though dust 
particles of small sizes a ≤ 0.03 μm are sputtered in the interior of bubbles, larger grains still contribute considerably ensuring 

the bubble luminosity L IR 

/ SFR ∼ 5 × 10 

7 L � M 

−1 
� yr . It is shown that the origin of the North Polar Spur in the Milky Way can 

be connected with activity of a cluster with the stellar mass of ∼10 

5 M � and the SFR ∼ 0.1 M � yr −1 some 25–30 Myr ago. 
Extended luminous haloes observed in edge-on galaxies (NGC 891 as an example) can be maintained by disc spread stellar 
clusters of smaller masses M ∗ � 10 

5 M �. 

Key w ords: shock w aves – ISM: supernova remnants – galaxies: haloes – galaxies: starburst – infrared: galaxies – X-rays: galax- 
ies. 
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 I N T RO D U C T I O N  

he disco v ery and intensiv e study of absorptions from heavy ele-
ents (such as CIV , SiIV , NV , OVI) in the circumgalactic medium

CGM) in quasar absorption spectra (e. g. Prochaska et al. 2006 ;
imcoe et al. 2006 ; Prochaska et al. 2017 ) have posed stellar feedback
s one of the most important physical factors that determine, along 
ith gravity, the structure and evolution of galaxies. It has become 

lear that energy and mass exchange between interstellar discs and 
ircumgalactic environments driven by energy released from massive 
tars and supernovae is ubiquitous among galaxies. Even dwarf 
alaxies at the low end of the star formation rate (SFR) reveal
xtended metal polluted haloes around them (Bordoloi et al. 2014 ; 
urchett et al. 2015 ). More recently, Keeney et al. ( 2017 ) reported
bout the presence of such haloes around galaxies without currently 
ngoing star formation. This suggests a very efficient mass exchange 
etween galactic discs where heavy elements are produced and their 
istant neighbourhood in the halo. 
A common understanding is that the mass exchange between 

alaxies and their extragalactic environments is maintained by energy 
elease from an enhanced SF that drives galactic winds. Galactic 
ind, a large scale gas outflow from star formation in galactic discs,
 E-mail: eugstar@mail.ru 
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s thought to be driven by energy injection from young stars and
upernovae in starbursts events with a surface SFR exceeding a 
ertain critical value. The threshold for galactic winds driven by 
entral starbursts is estimated of ε̇ ∼ 10 erg cm 

−2 s −1 (Lehnert &
eckman 1996a ; Heckman 2000 ), and for disc-halo circulation in

dge-on galaxies ̇ε ∼ 10 −3 − 10 −4 erg cm 

−2 s −1 (Dahlem, Lisenfeld 
 Golla 1995 ; Rossa et al. 2000 ; Dahlem, Liesenfeld & Rossa

006 ). Ho we ver, study of interrelations between the soft X-ray,
V, H α, FIR, and 1.4 GHz radio continuum emissions in a larger

ample of 23 edge-on-galaxies led only to put a lower limit on the
urface SN energy input rate ̇ε ≥ 10 −3 erg cm 

−2 s −1 (T ̈ullmann et al.
006 ). 
From a theoretical point of view, the evaluation of the energy

hreshold is a challenge. It is obvious that this threshold depends
n many factors: Ambient gas density, its vertical stratification –
haracteristic scale heights and the circumgalactic floor density, 
oncentration of energy sources both in space and time, dark matter
DM) distribution, energy injection regime, and so forth (Rossa et al.
000 ; Dahlem et al. 2001 ; Dahlem et al. 2006 ; Nath & Shchekinov
013 ; Roy et al. 2013 ; Vasiliev, Nath & Shchekinov 2015 ; Girichidis
t al. 2016 ; Vasiliev, Shchekinov & Nath 2017 ; Yadav et al. 2017 ;
ielding, Quataert & Martizzi 2018 ; Vasiliev, Shchekinov & Nath 
019 ). Moreo v er, circulation of gas between different regions of a
ertically stratified interstellar gas requires different characteristic 
nergy input rates. From simulations, the required energy rate for 
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ri ving lo w Mach number superbubbles ( M � 3) confined to the
ower halo layer (within 2–3 scale heights) is ̇ε ∼ 10 −4 erg cm 

−2 s −1 

Vasiliev et al. 2017 ; Yadav et al. 2017 ; Fielding et al. 2018 ;
hchekinov 2018 ; Vasiliev et al. 2019 ), whereas a transition of gas
irculation to the outer halo layers, being comparable in size to the
alactic radial scale, seems to occur under shocks with higher Mach
umbers ( M � 10) requiring an order of magnitude lar ger ener gy rate

˙ � 10 −3 erg cm 

−2 s −1 (Roy et al. 2013 ). Early observations of our
alaxy towards the central region in 408 GHz have revealed loop-like

tructures – Loop I amongst the most prominent (Hanbury Brown,
avies & Hazard 1960 ; Berkhuijsen et al. 1971 ; Haslam et al. 1983 ).
ore detailed analysis of the morphology of Loop I in 408 GHz

nd X-ray patterns from ROSAT led Sofue ( 1994 ) to conclude that
oop I is produced by a starburst in the Galactic centre (GC) (radius
f ∼200 pc) with total energy of E ∼ 3 × 10 56 erg within nearly
5 Myr (the equi v alent SFR ∼2 M � yr −1 ). The corresponding surface
nergy input rate lies in the range ε̇ ∼ 0 . 2 erg cm 

−2 s −1 derived in
Nath & Shchekinov 2013 ). A more recent numerical analysis has
emonstrated that large scale structures similar to Loop I in our
alaxy might require even a higher energy input ̇ε ∼ 1 erg cm 

−2 s −1 

Sarkar, Nath & Sharma 2015 ). 
The disco v ery of the Fermi-Bubbles (Dobler et al. 2010 ; Su,

latyer & Finkbeiner 2010 ) has revealed a deficit of the SFR in
he GC as compared to the value needed for their maintenance.
t was found that the GC shows a modest level of star formation,
hich is not sufficient for providing the energetics of Loop I

Sofue 1994 ). The estimates have been confirmed by more accurate
 v aluation from numerical simulations in Sarkar et al. ( 2015 ). Yusef-
adeh et al. ( 2009 ) have inferred the history of SF rate in the
C (400 pc radius) from Spitzer and Midcourse Space Experiment

nd concluded that the SF rate during the latest history – the last
0 Myr, is only ∼ 0 . 04 –0 . 08 M � yr −1 , while the SFR averaged
 v er 10 Gyr is 〈 SFR 〉 � 0 . 14 M � yr −1 . The surface energy input
ate is thus ε̇ ∼ (2 . 5 –5) × 10 −3 erg cm 

−2 s −1 during the last 10 Myr,
nd 〈 ̇ε 〉 ∼ 0 . 01 erg cm 

−2 s −1 o v er 10 Gyr. Ev en though this number
ooks consistent with the limits determined in Dahlem et al. ( 1995 ),
 ̈ullmann et al. ( 2006 ) for galactic discs, and the early estimate by
eckman ( 2000 ) for galactic winds, numerical simulations raise the

ower limit of the required energy input by a factor of at least 3–
 (Sofue 1994 ; Sarkar et al. 2015 ). The inconsistency between the
stimated SFR and the very existence of the Fermi-bubbles may be
ttributed to observational difficulties of inferring star formation rate
n long time scales caused by a crowded environment in the Central
olecular zone (CMZ), which causes uncertainties in counting

tars of different age, measurements of infrared, bremsstrahlung
missions, and other indicators of star formation. More recent
iscussions (see e.g. Krumholz & Kruijssen 2015 ; Federrath et al.
016 ; Krumholz, Kruijssen & Crocker 2016 ; Barnes et al. 2017 ;
ruijssen 2017 ) suggest that a short-term episodic regime of star

ormation with less pronounced observational manifestations can be
ossible. 
A similar phenomenon, the existence of extended haloes in

alaxies with a relatively weak SF rate in the underlying discs,
s observed in several edge-on galaxies in the local Universe. The
alaxy NGC 891 represents a good example with the SFR ≈4M � yr −1 

cross the disc (optical radius R 25 ∼ 20 kpc) equi v alent to ε̇ ∼
0 −4 erg cm 

−2 s −1 , and at the same time with a halo extending up
o ∼2–5 kpc in dust IR emission (Howk & Savage 1999 ; Alton
t al. 2000 ; Rossa et al. 2004 ; Hughes et al. 2014 ; Seon et al. 2014 ;
occhio et al. 2016 ; Yoon et al. 2021 , see also a recently published
atalogue of dusty edge-on galaxies in Shinn 2018 ), ∼5 kpc in 2–
 keV (Hodges-Kluck, Bregman & Li 2018 ), to ∼10 kpc in soft X-ray
NRAS 520, 2655–2667 (2023) 
0.4–1.4 keV), and to ∼20 kpc in HI (Oosterloo, Fraternali & Sancisi
007 ). Extended circumgalactic gas traced by CIV, SiIV, and OVI
ons at projected radii of the order of 100 to 200 kpc are observed
round galaxies, often with a rather modest SFR ∼1–3 M � yr −1 (see
iscussion in Tumlinson, Thom & Werk 2011 ; Bordoloi et al. 2014 ).
uch extended haloes can either indicate that even a low SF rate
nder certain conditions is capable to drive circulation of gas within
he inner and outer haloes as in the former case, or they are caused by
owerful starbursts that have taken place in the past, e.g. 20–30 Myr
go, as in the latter. 

In this paper, we focus on the ability of SF in galactic stellar clusters
ith a low to modest SFR (0.02–0.1 M � yr −1 ) and energy injection

oncentrated in a relatively small volume to drive outflows between
he disc and the halo and on their observational manifestations in X-
ay, optical, and far-infrared (FIR) tracers. In Section 2 , we describe
he model we use in simulations, Section 3 presents the results: (i)
volution of the bubble under the action of a cluster depending on its
FR in Section 3.1 , including also (ii) destruction of dust particles

n Section 3.1.4 , (iii) the bubble emission characteristics – X-ray,
ust FIR, and H α, and their possible interrelations in Section 3.2 , in
ection 4 , we consider possible implications of our results for the
ilky Way and edge-on galaxies with a focus on NGC 891 among

hem, Section 5 summarizes the results. 

 M O D E L  DESCRI PTI ON  

.1 Equilibrium 

e carry out 3D hydrodynamic simulations (Cartesian geometry)
f SN explosions inside a massive stellar cluster located in the
C. We study the dynamics of a bubble expanding preferentially
erpendicular to the disc. We consider the b ubble ev olution during
 period approximately twice as the lifetime of a least massive SN
rogenitor with M ∼ 8 M �, i.e. ∼35 Myr. The gaseous disc is set up
o be initially in hydrostatic equilibrium in the gravitational potential
f the DM halo and the stellar disc (see e.g. de Avillez 2000 ; Hill
t al. 2012 ; Walch et al. 2015 ; Li, Bryan & Ostriker 2017 ; Vasiliev
t al. 2019 ). The z-component of the gravitational acceleration due
o the DM halo is calculated from a Navarro–Frenk–White profile
ith the virial radius of the halo equal to 200 kpc and concentration
arameter c = 12. 

.2 Stellar disc 

he stellar disc is assumed to be self-gravitating with an isothermal
elocity dispersion. The acceleration perpendicular to the disc is
 ∗( z ) = 2 πG � ∗tanh( z / z ∗), where � ∗ and z ∗ are the stellar surface
ensity and the scale height of the stellar disc. We adopt � ∗ =
00 M � pc −2 and z ∗ = 0.3 kpc. 

.3 Gaseous disc 

he gas density in the mid-plane is assumed n 0 = 0.3 cm 

−3 following
Kalberla & Kerp 1994 ), which corresponds to gas surface density � g 

 1 M � pc −2 with the scale height z g = 0.2 kpc at R = 1 kpc. At larger
eights abo v e the mid-plane, we assume a warm-hot gaseous halo
ith the profile n ( z) = n h [1 + ( z / z h ) 2 ] −0.75 , where n h = 0.01 cm 

−3 ,
 h = 0.8 kpc as follows from the Milky Way halo distribution in
iller & Bregman ( 2015 ). The temperature of the gaseous disc is set

o 10 4 K, the temperature of the halo increases with height to keep
ydrostatic equilibrium. Fig. 1 shows the initial gaseous density
rofiles in the vertical direction, with n h = 0.01 cm 

−3 as our fiducial



Luminous disc-halo outflows 2657 

Figure 1. Gas density (left axis, thick lines) and temperature (right axis, 
thin line) profiles. The halo density is n h = 10 −3 (dashed), 10 −2 (solid), and 
2 × 10 −2 cm 

−3 (dotted). The density at the disc mid-plane in all models is n d 
= 0.3 cm 

−3 . The temperature profile is the same for all halo density values. 
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alue. The initial metallicity in disc is assumed to be solar, in the
ertical direction the metallicity decreases to its floor value [Z/H] 
 −3 at heights larger than 1 kpc. This allows us to better trace

ropagation of metallicity from exploded supernovae (SNe) into the 
alo. Initially the heating rate in the unperturbed disc and halo is set
qual to the cooling rate according to the initial values of temperature
nd metallicity. 

.4 Energy injection 

he dominant energy source feeding growing superbubbles is ex- 
losions of SNe, with a minor contribution from stellar wind as
emonstrated recently by Franeck et al. ( 2022 ). We inject the mass
nd energy by individual events with the energy corresponding to a 
oint energy of 30 standard SNe. Masses of standard SNe progenitors 
n a cluster are distributed randomly within 8–40 M � range according 
o the Salpeter initial mass function, the specific per mass SN rate is
m 

= 1 / 130 M 

−1 
� . Therefore, each joint injection carries the energy

 × 10 52 erg in thermal form and the mass load of 240–1200M �.
his allows us to consider larger computational cells and assumes 

he injection radius corresponding to the Sedov–Taylor solution to 
e smaller than the cooling length. The energy injection in form
f thermal energy seems to be the most suitable in models with
andomly spread in space and time point-like sources mimicing 
iscrete SNe. As stressed abo v e, with the chosen cell size, we a v oid
he o v ercooling problem discussed in Sharma et al. ( 2014 ). The
nterv al between follo wing energy injections corresponds in average 
o the lifetime of massive stars within 8–40 M � t l ∼ M 

−1.57 (see in
ben 2012 ). The energy and mass are injected randomly into a cell
ocated within a spherical region of radius 60 pc centred at ( x , y ,
) = (0, 0, 0). This procedure mimics random SNe explosions in
 cluster. Overall, the energy injection rate in each of such clusters
orresponds to explosions of standard SNe with the rate ∼10 −4 −
0 −3 SN per year, or equi v alently SFR ∼10 −2 − 0.1 M � yr −1 , the
orresponding stellar masses of clusters are in the high mass end 
f the clusters’ mass function M cl ∼ (2–16) × 10 5 M � (Krumholz, 
cKee & Bland-Hawthorn 2019 ). Note that SFR = 1 M � yr −1 within
he energy injection volume of radius r c = 60 pc corresponds to the
urface SN energy injection rate ε ∼ 2.5 erg cm 

−2 s −1 . 

.5 The code and simulations 

he code is based on the unsplit total variation diminishing (TVD)
pproach that provides high-resolution capturing of shocks and 
revents unphysical oscillations. We have implemented the Mono- 
onic Upstream-Centered Scheme for Conservation Laws (MUSCL)- 
ancock scheme and the Haarten-Lax-van Leer-Contact (HLLC) 
ethod (see e.g. Toro 1999 ) as an approximate Riemann solver.
his code has successfully passed the whole set of tests proposed in
lingenberg, Schmidt & Waagan ( 2007 ). 
Simulations are run with a radiative cooling described by a set

f tabulated non-equilibrium cooling functions calculated by using 
he approach described in detail (Vasiliev 2013 ). The functions are
btained for the gas cooling isochorically from 10 8 K down to 10 K
or metallicities within the range [Z/H] = −4.1. The non-equilibrium 

alculation (Vasiliev 2011 , 2013 ) includes kinetics of all ionization
tates of H, He, C, N, O, Ne, Mg, Si, Fe, as well as kinetics of
olecular hydrogen at T < 10 4 K. Fig. A1 in Appendix A presents

his set of cooling functions. 
We apply a diffuse heating term representing the photoelectric 

eating of dust grains (Bakes & Tielens 1994 ), which is thought to
e the dominant heating mechanism in the interstellar medium. In 
ur simulations, the heating rate is assumed to be time-independent 
nd exponentially decreasing in the vertical direction with the scale 
eight of the ISM disc. Such an assumption allows to stabilize
adiative cooling of ambient gas with the temperature profile shown 
n Fig. 1 . Any deviation of the heating rate in the unperturbed gas
iolates the balance between cooling and heating and stimulates 
hermal instability, resulting in the redistribution of gas mass in 
he interstellar disc (see e.g. in de Avillez 2000 ; Hill et al. 2012 ).
he heating rate exponentially decreasing upwards across the whole 
omputational domain suppresses such contaminations (Li et al. 
017 ). 
The simulations are performed with a physical cell size of 20 pc.

he standard computational domain contains 768 × 384 × 768 cells, 
hich corresponds to 15.36 × 7.68 × 15.36 kpc 3 , but in several

ases, we extend the domain. We suppose a symmetry relative to
he disc mid-plane and along the plane going through the cluster
entre perpendicular to the mid-plane, so we consider one-fourth of 
he space. Usually, we restrict our simulations within 35 Myr, at the
nd of this period, the total vertical momentum of a bubble becomes
e gativ e. We complete the simulation earlier if the bubble reaches the
orders of the computational domain, even though the total vertical 
omentum remains highly positive. 

 RESULTS  

.1 Bub ble ev olution 

.1.1 Gas 

n our model the cluster size is comparable to the disc scale
eight, therefore, the collective bubble formed by SNe with the rate
 × 10 −4 SN per year (SFR = 0.026 M � yr −1 , νSN � 10 −9 yr −1 pc −3 )
onsidered here as an e xample, e xpands preferentially in the vertical
irection, and during ∼1–2 Myr reaches heights of ∼1–2 kpc. When
he shock wave approaches the interface between the disc and the
alo at z ∼ 0.5 kpc (seen in Fig. 1 ) Rayleigh–Taylor instability
MNRAS 520, 2655–2667 (2023) 
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M

Figure 2. 2D slices showing gas number density (log[ n , cm 

−3 ], first panel), temperature (log[ T , K ], second panel), metallicity ([Z/H], third panel), z-component 
of velocity ( v z , km s −1 , fourth panel) distributions in the outflow formed by SNe explosions in a cluster located at ( x , y , z) = (0, 0, 0) with SFR = 0.026 M � yr −1 

( νSN � 10 −9 yr −1 pc −3 ). The bubble age is 25 Myr. The halo profile is fiducial with central density n h = 10 −2 cm 

−3 . 
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reaks the shell and hot gas expands into halo with a larger scale
eight, resulting in a bottle-neck shaped bubble. At age ∼15 Myr
Ne e xplosions e xhaust and the bubble continues e xpansion under
omentum conservation. 
Fig. 2 presents the hydrodynamical field in the outflow formed by

he cluster at the age 25 Myr – left to right: gas density, temperature,
etallicity , z-component of velocity . The bubble reaches almost
 kpc in height and about 8 kpc in its widest part. The bubble shell is
till thick, around 1 kpc, and hot, T � 10 6 K. Effects of radiative
ooling are marginally observed in the lowermost region of the
ubble edge in form of a small-scale density enhancement. The
ubble interior is hotter than its shell – T � 10 7 K and will remain
s hot further on for a characteristic cooling time t c ∼ 30–100 Myr.
he bubble is still expanding with velocity � 100 km s −1 , and with
ositiv e v elocities dominating almost in the entire bubble, e xcept in
he outer regions of the hot interior at heights z ∼ 6 kpc and the
ompressed shell below ∼4 kpc. 

.1.2 Metals 

etals ejected by SNe partly mix with the ambient hot bubble gas
esulting in the metallicity spread from [Z/H] = 0 to [Z/H] = 1.
t is worth to be pointed out that in our model mixing operates
ue to numerical diffusion D n ∼ c s 	 x /3 ∼ 2 × 10 26 cm 

2 s −1 in
he shell with sound speed c s ∼ 100 km s −1 , and ∼10 27 cm 

2 s −1 in
he hot bubble with c s ∼ 500 km s −1 . This is consistent with the
stimate of numerical kinematic viscosity 〈 ηn 〉 corresponding to the
ncrease of specific per mass thermal energy u as if it was grown due
o viscousity at shock fronts 〈 ηn 〉 ∼ 〈 ̇u / ( ∇ · v ) 2 〉 . Within ∼25 Myr
umerical diffusion can mix metallicity o v er 

√ 

〈 	x 2 〉 ∼ 600 pc
hich is half of the shell thickness. In the bubble interior, mixing

o v ers ∼3 kpc in the same time range. In the thin external interface at
he uppermost parts of the contact discontinuity it remains lower than
Z/H] = −1, indicating that mixing between the ejecta and ambient
as is slo w. Inef ficient mixing is one of the reasons that the shell still
s hot, the cooling time in shell with [Z/H] = −1 is of the order 30–
0 Myr. It is worth also noting that metals do not penetrate into the
 ery e xternal layer of the shell of ∼3 kpc, being confined in a thinner
ayer ∼0.5–1 kpc – it can be seen when comparing the distributions
f metals and temperature/density on Fig. 2 . It is also seen that in
he lower (conical) parts of the shell metals remain locked in even
 thinner layer of ∼0.1–0.2 kpc because of a lower temperature and
igher density in this domain. At the asymptotic (‘inertial’) stage
ith exhausted SNe explosions shown in Fig. 2 metals are swept
p from the superbubble centre, as can be observed in the central
omain deficient in metals. 
NRAS 520, 2655–2667 (2023) 
.1.3 Overall dynamics 

ong-term evolution of superbubbles can be illustrated by time-
ehaviour of their vertical momentum p z = 

∫ 
ρv z d V shown in Fig. 3

or several bubble models. Typically fast growth of p z ( t ) at very
nitial stages changes to a slow continuous gain on longer times ∼5–
0 Myr until reaching the maximum of p z . For lower SFR, except
he lowest with the SFR = 0.006 M � yr −1 , the maximum stays on
 plateau for long times (up to 15 Myr for SFR = 0.013 M � yr −1 ).
n the contrary, superbubbles from clusters with higher SFR pass

he maximum phase faster. The maximum and following drop of p z 
re connected mostly with a decrease of the shell mass because of a
ownward slipping of cold gas fragments along the shell. This can be
he result of an enhanced pressure under more energetic shock waves
rom clusters with higher SFR, which stimulate faster gas cooling
nd the corresponding depletion of the shell mass. This process limits
he expansion of shells. The superbubble from the minimum SFR =
.006 M � yr −1 is an exception of this trend: The shell with such a
ow SFR expands on average into a denser environment than it gains
or larger superbubbles, and its gas cools faster than gains energy
rom feeding explosions. The expansion phase ends by freezing out
f the shells (Fig.S 4 ), until they are disrupted by turbulence, by
ngoing star formation nearby and/or galactic differential rotation.
epending on the SFR in the parent cluster it may take next tens of
yr as seen in Fig. 4 . 
The model with SFR = 0.006 M � yr −1 seems to be close to the

hreshold SFR capable to drive the superbubles. Very rough estimates
ased on a comparison of the ram pressure from exploding SNe
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Figure 4. The height of a bubble versus the age for SFR = 0.006, 0.013, 
0.026, 0.052, and 0.1 M � yr −1 . 
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 /4 πz 2 v s on the shell of radius R s ∼ z, and the disc gravity ρsh g ∗z,
esult in 

 ∼ πρsh g ∗z 3 v s ∼ 7 . 5 × 10 41 nz 3 3 v 100 erg s −1 , (1) 

or the disc parameters as in Section 2.2 . Here, L ∼ νsn E B is the
echanical luminosity of exploding SNe, v s , the shell velocity 
 100 v s /(100 km s −1 ). The shell expansion velocity in the segments
ith predominantly vertical walls v 100 � 0.3, z 3 = z /3 z ∗, and
 ∗ estimated at z � 3 z ∗. With these assumptions equation ( 1 ) is
qui v alent to the SFR ∼ nz 3 3 v 100 M � yr −1 , or SFR ∼ 0.001 M � yr −1 

or n ∼ 10 −3 cm 

−3 , z = 3 z ∗ ∼ 3 kpc, and v s ∼ 100 km s −1 . It is
mportant to stress though, that this conclusion is valid for star-
ormation localized in clusters with characteristic radius R c ∼ 40 pc, 
mmersed into ambient gas with the parameters close to those defined 
n Section 2.3 . 

Fig. 5 presents the outer borders (defined by the density jump) of
he superb ubbles ev olving to this asymptotic: From left to right, we
how the bubbles driven by clusters with SFR = 0.006, 0.013, 0.026,
.052, and 0.1 M � yr −1 at several epochs. Nearly equidistant contours 
uring the first 20 Myr show that the bubbles grow uniformly, i.e. with
 constant velocity. After this period the bubbles driven by SFR ∼
.006–0.05 M � yr −1 start decelerating until their vertical expansion 
erminates by t ∼ 20–25 Myr; the corresponding energy injection rate 
˙ ∼ 0 . 0013 − 0 . 12 erg cm 

−2 s −1 . Bubbles of higher SF rates end their
 ertical e xpansion at later times. Radial expansion lasts several Myr
horter. The smallest superbubble in the first panel expands obviously 
lower as compared to those with a higher SFR. Moreo v er, so far as
n this case a considerable fraction of the superbubble expands into 
n average denser medium, the effects of radiative cooling in the 
alls below z � z h , and the predominance of ne gativ e momentum

rom these regions, determine a fast decrease of the z-momentum 

omponent on Fig. 3 . 
The superbubble collimation increases with the halo gas density, 

s seen on two panels of Fig. 6 , because a higher density beyond the
nterface between the ISM disc and the halo suppresses the radial 
xpansion. 

.1.4 Dust destruction 

ollisions of heavy ions of energies E � 30 eV with dust particles
esult in their sputtering (Burke 1974 ; Draine 1981 ; Dwek 1981 ;
wek & Arendt 1992 ). The characteristic sputtering time in a 
iven computational cell is approximated as t a ( T ) = a | da /dt | −1 ≈
0 5 (1 + T −3 

6 ) a 0 . 1 n −1 yr ( T � 10 6 K, see equation (25.14) in Draine
011 ). In a magnetic free medium a non-thermal sputtering proceeds
uring the motion of a dust particle relative to plasma in a thin
ayer immediately behind the shock front 	 l ∼ 10–20 pc for the
ccepted parameters and thus can be neglected in our calculations. 
hermal sputtering proceeds for the radiative cooling time t r ∼
0 5 T 6 n −1 yr unless local plasma is heated under the action of a
hock from a distant SN. A rough estimate of time lags between
wo subsequent shocks impinging a given point in the bubble is
 s ∼ ˜ ν−1 

sn varying from 2.5 × 10 2 to 2 × 10 3 yr depending on the SFR,
ere ˜ νsn = 

∫ 
νSN dV is the total SNR in the cluster centre. Such a

igh impinging rate prevents gas cooling and provides a continuous 
aintenance of high temperature. In this environment, a dust grain 

oses around 90 per cent of its radius in t = 2 t a ( T ), and hence in order
o account dust destruction in a computational cell at a given stage
he condition t a ( T ) ≤ t d , with t d being the dynamical time, can be
oughly accepted. Therefore, as this condition is met, dust particles 
ith radius a are remo v ed from a given computational cell. Fig. 7
resents the logarithm of the ratio t a ( T )/ t d within the superbubble at
ifferent times for a set of particle radii. 
As readily seen, smaller particles are sputtered first. Ho we ver, the

ontribution of small grains to the thermal emission can remain con-
iderable, particularly at higher frequencies because dust temperature 
 d is normally higher for smaller particles. In order to estimate this
ffect, we plot 1 a distribution of the ratio t a ( T )/ t d in the bubble o v er
ts evolution in Fig. 7 . It is seen that during the whole evolution, only
mall dust particles a < 300 Å in the bubble shell are destroyed. In the
ow-density bubble interior the sputtering time is higher than ∼30–
00 Myr (Dwek & Arendt 1992 ), such that even small particles partly
urvive. Accounting for the fact that the shell sweeps up mostly the
alo gas with a low dust mass fraction, the effects of dust destruction
o the IR emission is of minor importance. 

Destruction of dust behind shock fronts is partly replenished by 
tellar activity via SNe factories (Todini & Ferrara 2001 ; Bianchi &
chneider 2007 ; Matsuura et al. 2011 ; Gall et al. 2014 ; Lau et al.
015 ). We assume that besides the dust already present in the ISM
as, an additional dust mass is supplied into the bubble interior
roportionally to the mass of ejected metals by SNe. Collisional 
eating (Burke 1974 ; Draine 1981 ; Dwek 1981 ; Dwek & Arendt
992 ) and destruction (Jones et al. 1994 ; Tielens et al. 1994 ; Draine
 Salpeter 1979 ) of the ejected dust is also implemented into our

alculations. 

.2 Bubble emission 

.2.1 X-rays 

lthough radiative losses are too weak to affect the dynamics of the
ubble during its expansion, the hot plasma in the interior emits suffi-
ient energy in far-UV and X-ray ranges to manifest observationally. 
ig. 8 presents the simulated X-ray emission (in log scale) of a bubble
een edge-on ( yz -plane) at t = 25 Myr, SFR = 0.026 M � yr −1 . As seen,
-ray surface intensity of the bubble in the low-energy bands (0.2–
.6 and 0.6–1.0 keV) is considerable ( ∼3 keV s −1 cm 

−2 sr −1 ) and
omparable to that observed by eROSITA in the Galactic bubbles 
see below in Section 4.1 ), and an order of magnitude lower than
MNRAS 520, 2655–2667 (2023) 

art/stad309_f4.eps


2660 E. O. Vasiliev et al. 

M

Figure 5. Left to right shown are contours of evolving bubbles with the SFR = 0.006, 0.013, 0.026, 0.052, and 0.1 M � yr −1 . Contours depict the outer bubbles’ 
edges at 10, 15, 20, 25, 30, and 35 Myr (from bottom to top). The halo profile is fiducial with n h = 10 −2 cm 

−3 . 

Figure 6. The two panels correspond to clusters with SFR = 0.026 M � yr −1 

(left) and 0.1 M � yr −1 (right) immersed into a low ( n h = 10 −3 cm 

−3 ) and a 
high halo density ( n h = 2 × 10 −2 cm 

−3 ), respectively. 

Figure 7. Distribution of the logarithm of the ratio t a ( T )/ t d : left to right a 
= 30, 100, 300, 1000, and 3000 Å. From top to bottom panels correspond to 
ages 10, 15, 20, 25 Myr. 
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NRAS 520, 2655–2667 (2023) 
he intensity of the diffuse X-ray emission in the halo of NGC 891
alaxy (Temple, Raychaudhury & Stevens 2005 ). It degrades slowly
nd stays approximately in the same range of intensity as shown
n Fig. 8 within next ∼30–40 Myr, even after 25 Myr when SNe
 xplosions e xhaust. In general, the intensity is more or less uniform
hroughout the bubble e xcept sev eral large-scale fluctuations in the
ighest energy bands close to the bubble border at heights z ∼ 2–
 kpc. 
A slow cooling in the bubble interior keeps the gas hot and the

otal X-ray luminosity at a sufficiently high level. This is clearly seen
n Fig. 9 , where evolution of X-ray luminosity in the low energy band
.5–2 keV is shown. The luminosity in this band decreases gradually
oughly as L X ∼ t −1/4 . 

The total X-ray luminosity in the 0.5–2 keV band from the entire
ubble increases for higher SFR approximately as L X ∝ SFR 

4/3 for
FR � 0.06 M � yr −1 and flattens to L X ∝ SFR 

1/4 M � yr −1 at higher
FR (Fig. 10 ). The flatness may be caused by the fact that for
ubbles with SFR � 0.06 M � yr −1 , a higher fraction of the hot
nterior expands adiabatically. The ‘ L X -SFR’ dependence in Fig. 10
s consistent with the integrated ‘ L X –SFR’ relation ( E = 0.3–2.0 keV)
or star-forming late-type edge-on galaxies (T ̈ullmann et al. 2006 ; Li
t al. 2017 ). 

.2.2 IR dust emission 

n order to e v aluate the influence of dust destruction on their spec-
rum, we calculate the dust emissivity with and without (depending
n their lifetime) small dust grains – we refer the latter ‘burnt’ dust.
he left-hand panel in Fig. 11 presents the total IR flux (in log scale)
roduced by dust with sizes a ∼ 3 × 10 −3 − 0 . 3 μm as if it was not
estroyed in the entire bubble for the same model and age depicted
n Figs 2 and 8 . The flux of the dust emission in the right-hand
anel of Fig. 11 includes only grains with radii a whose lifetime
cale t a ( T ) ≥ t d as shown in lowest row Fig. 7 . In other words, in
he bubble shell it mainly corresponds to the sum of contributions
rom dust particles a = 0 . 03 .. 0 . 3 μm as shown in the lowest row
f Fig. 7 . One can see that the smallest grains (30 Å) give a dim
hell-like structure around a smooth bubble from larger grains at the
evel ∼3 × 10 −6 erg s −1 cm 

−2 . Reduced FIR intensity in the shell on
he right-hand panel of Fig. 11 is obviously due to a deficient short
avelength emission from small-size particles. One can think that gas

n the shells passed through hot and dense stages and destroyed small
ust grains should manifest ‘colder’ FIR spectra shifted towards
onger wavelengths in comparison with those regions with ‘normal’
ust size content, as seen on the right-hand panel in Fig. 11 . It is
orth noting that even though sputtering of larger particles partly
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Figure 8. Edge-on ( yz -plane) maps of the logarithm of X-ray surface intensity (keV s −1 cm 

−2 sr −1 ) in energy ranges 0.2–0.6, 0.6–1, 1–2, 2–10, and 20–30 keV 

(left to right) for the model with SFR = 0.026 M � yr −1 at the 25 Myr; the halo profile is fiducial: n h = 10 −2 cm 

−3 . 

Figure 9. X-ray luminosity in energy range 0.5–2 keV (thin solid lines, left 
axis) and IR luminosity (thick dashed lines, right axis) from the whole bubble 
formed by SFR = 0.026 M � yr −1 (two lower orange lines) and 0.1 M � yr −1 

(two upper yellow lines). 
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eplenishes particles of smaller size, it is insufficient to compensate 
or their loss: First, because the sputtering time-scales with radius 
 a ∝ a , and second, the number of larger particles is smaller, as for
nstance, in the case of n a ∝ a −3.5 spectrum. Larger grains survive
onger, as illustrated in Appendix B . 

As mentioned abo v e, smaller particles hav e higher temperature 
nd can contribute predominantly in emission spectra at higher 
requencies. The latter is because that even in steady-state conditions 
ust temperature varies nearly as T d ∝ a −1/(4 + β) ( β � 2 is the dust
pectral index), whereas in hot dilute plasma stochastic heating 
rom electrons makes small dust grains even ‘hotter’ than at steady- 
tate conditions (Dwek 1981 , 1986 ): Small dust particles experience 
igher magnitude of temperature fluctuations around a median value. 
t such circumstances, an ensemble of dust particles immersed in 
 hot environment show a thermal spectrum enhanced in the high 
requency range. On the contrary, their deficit manifests a modified 
lackbody spectrum with a monotonic 2nd deri v ati v e o v er frequenc y,
s depicted by the dashed curve in Fig. 12 . Observationally, this
ifference can be obviously recognized on ‘colour’ maps: The maps 
f the ratio F λ(25 μm)/ F λ(250 μm) – the ratio of intensities at
he w avelengths mark ed in Fig. 12 by yellow bands at which the
ontribution of small dust into the IR spectrum is clearly distinct.
hese maps for ‘normal’ and ‘burnt’ dust are shown on the left
nd right-hand panels in Fig. 13 , correspondingly. The bubble with
burnt’ dust is obviously seen to suffer of a deficit of emission at
hort wavelength as compared with the spectrum of an identical 
ubble with ‘normal’ dust. The difference between the spectrum with 
 ‘burnt’ and a ‘normal’ dust can be also recognized in a correlation
etween the dust FIR colour, the ratio F λ(25 μm)/ F λ(250 μm) and
he X-ray intensity. This correlation can be seen in the distribution
unction of the colour o v er the superbubble edge-on projection as
hown in Fig. 14 : The ‘burnt’ dust lacking of small size grains does
ot show the excess of emission at shorter wavelengths λ < 100 μm,
nd thus has a lower ratio F λ(25 μm)/ F λ(250 μm) � 0.5, while the
normal’ dust shows a higher ratio > 0.7. 

Scatter plots in Fig. 15 show the interrelation between the IR and
-ray surface intensities in different energy ranges for a bubble 
MNRAS 520, 2655–2667 (2023) 
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M

Figure 11. The logarithm of the IR flux (in erg cm 

−2 s −1 ) from the dust 
immersed in the hot bubble: left-hand panel – ‘normal’ dust size spectrum with 
n a ∝ a −3.5 in the range 3 × 10 −3 − 0 . 3 μm (dust is assumed to survive against 
sputtering), right-hand panel shows the case for ‘burnt’ dust predominantly 
with radii 0 . 03 − 0 . 3 μm (presented by the sum of contributions from dust 
shown in the lower row in Fig. 7 ), SFR = 0.026 M � yr −1 , the bubble age is 
25 Myr. 

Figure 12. IR emission spectra of dust with ‘normal’ and ‘burnt’ dust 
composition: solid line represent the left-hand panel of Fig. 11 with ‘normal’ 
dust, dashed line shows the spectrum of ‘burnt’ dust (in the right-hand panel 
of Fig. 11 ), the total (o v er the co v ered range) emission in the spectra relate 
as 0.35. The curves show the spectra integr ated o v er all lines of sight in the 
entire bubble surface field, and thus represent the average spectrum. 
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Figure 13. The maps of distributions of the fluxes ratio (in log scale) of 
F (25 μm) to F ( 250 μm) in the bands shadowed yellow in Fig. 12 . Left and 
right -hand panels reflect the ‘normal’ and ‘burnt’ dust as in Fig, 11 . 
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ed by SFR = 0.026 M � yr −1 . A remarkable difference between
R distributions of ‘normal’ and ‘burnt’ dust composition is that
he former lies at the high intensity end � 3 × 10 −6 erg s −1 cm 

−2 ,
hereas the latter tends to lower intensity due to a deficit of small
rains (see discussion in Section 3.2.2 ). The ‘burnt’ dust deficient of
maller grains locates predominantly in the shell and in the edge layer
etween the shell and the hot bubble, i.e. it is connected spatially with
enser and colder plasma. As a result, low-brightness dust emission
s present on panels with low-energy X-ray bands, as they occupy
he entire field of the bubble, including the dense shell and the edge
etween the shell and the hot bubble. The energy band E = 2–10 keV
epresents the bubble hot interior and its colder shell (Fig. 8 ). This is
eflected in the low-brightness tail both in X-ray and IR. The highest
nergy band emission ( E = 20–30 k eV) concentrates tow ards the
ubble centre and has the lowest brightness. The dust in this region
ostly a v oids destruction from the hostile environment and is, on

verage, brighter. 
NRAS 520, 2655–2667 (2023) 
One can note similar behaviour of the X-ray brightness in the 0.5–
 keV band (third panel in Fig. 15 ) and the IR surface brightness (fifth
anel). As mentioned early, the total X-ray and dust IR luminosities
lso demonstrate similarity in time dependence: They both decay as
 IR ∼ L X (0.5 − 2keV) ∼ t −1/4 (Fig. 9 ). 

.2.3 Emissions versus height 

mission characteristics of the superbubble interior depend on gas
ensity and temperature, and therefore, change in height and time.
hus, they can characterize the bubble physical state and the age.
ig. 16 presents emission intensities along the vertical axis averaged
 v er rings centred at ( x = 0, y = 0) for a given z-coordinate within
adial direction r = ( x 2 + y 2 ) 1/2 = 100 pc. These are: H α line, X-
ay low-energy (0.6–1 keV), and λ = 3 μm to λ = 3 mm IR from
ust, commonly used for diagnostics of gaseous haloes in edge-on
alaxies. 

As can be seen, H α emission extends at a detectable limit �
0 −19 erg s −1 cm 

−2 arcsec −2 up to z ∼ 2 kpc indicating that it comes
rom the lowest parts of the bubbles shells with relatively high
ensities. X-ray low-energy band with small (within factor of 2)
ariations occupies the entire superbubble volume (as seen in Fig. 8 )
nd decreases in time. IR dust emission is clearly seen to evolve
imilar to the low-energy X-ray emission. This reflects the fact that
ust easily survives in the hot and X-ray bright bubbles’ interior, as
een from comparison of Fig. 11 with Fig. 8 (the first 3 panels). 

OVI ions are known to be very sensitive to temperature variations
n a cooling plasma (Vasiliev 2011 , 2013 ) and does not show a clear
rend in the vertical distribution. Ho we ver, it sho ws a rather intense
036 Å line emission with � 10 −18 erg cm 

−1 s −1 arcmin −2 and can
race outflows of hot enriched gas into galactic haloes. 

 I MPLI CATI ONS:  M I L K Y  WAY  A N D  N G C  8 9 1  

.1 The giant bubble in the galaxy 

stimates of SFR in the central Milky Way during recent 10 Myr vary
round ∼0.04–0.08 M � yr −1 (Yusef-Zadeh et al. 2009 ; Immer et al.
012 ; Koepferl et al. 2015 ; Barnes et al. 2017 ) with the corresponding
luster mass of M ∼ 10 4 –10 5 M �, and as such can work as a source
or keeping the central superbubble manifested in form of the North
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Figure 14. Left and right-hand panels: Distributions of ‘colours’ 25 μm/250 μm for a superbubble around the cluster with SFR = 0.026 M � yr −1 in regions 
radiating in the low E = 1–2 keV and high E = 2–10 keV energy bands. Magenta corresponds to a ‘normal’, while green to a ‘burnt’ dust. 

Figure 15. The interrelation between IR surface luminosity dust grains and X-ray intensity in energy bands 0.2–0.6, 0.6–1, 1–2, 2–10, and 20–30 keV (left 
to right) for model with SFR = 0.026 M � yr −1 . Large open (grey) circles present dust grains with ‘normal’ dust-size composition a = 3 × 10 −3 − 0 . 3 μm 

(presented on the left-hand panel of Fig. 11 ), whereas small (dark red) dots correspond to the ‘burnt’ particles with a narrower range of dust size-spectrum 

a = 10 −2 − 0 . 3 μm (shown on the right-hand panel of Fig. 11 ). As seen, differences between the fluxes from ‘normal’ and ‘burnt’ dust is more that an order of 
magnitude in contrast to shown in Fig. 12 , as mentioned, this is because the spectra in Fig. 12 are averaged over the entire volume of the bubbles. 

P
i
e  

c  

b  

s

p
0  

t  

=  

F  

F
1  

T  

e  

a  

i  

t  

W
l

a
p

 

a  

t  

a
w
S
v  

s  

r  

fi  

v  

t  

K  

t  

t  

s  

a  

c
o  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/2655/7008524 by R
am

an R
esearch Institute user on 24 April 2023
olar Spur and Fermi-Bubbles. Recently, the eROSITA telescope 
nstalled onboard of the Spektr-RG mission has found observational 
vidence of energy injection into the halo from past activity in the
entral part of the Milky Way (Predehl et al. 2020 ). In the 0.6–1.0 keV
and, the av erage observ ed X-ray intensity within the northern and
outhern bubbles is around ∼(2–4) × 10 −15 erg s −1 cm 

−2 arcmin −2 . 
In our simulations, we consider the evolutionary and emitting 

roperties of similar giant bubbles formed by SFR = 0.013–
.1 M � yr −1 (Fig. 5 ). The intensity obtained in our models is close to
hat observed in the Galaxy. The bubble from a cluster with the SFR
 0.1 M � yr −1 reaches the height ≈14 kpc at 25 Myr (fourth panel on
ig. 5 ), that is close to the observed height of the North Polar Spur.
 or an observ er at 8 kpc from the centre, the X-ray intensity (in 0.7–
.2 keV) of the bubble in galactic coordinates is shown in Fig. 17 .
he intensity in the bright shell is close to the values detected by
ROSITA: ∼(1–3) keV s −1 cm 

−2 sr −1 . As can be seen from Fig. 4
t t = 25 Myr, the bubble continues to expand. In the next 10 Myr,
ts flux decreases by a factor of ∼1.2–1.5, and the shell rises up
o latitudes of 80 ◦. The o v erall morphology is similar to the Milky

ay bubble. Small-scale morphological differences are observed at 
ower latitudes, where details of inhomogeneous distribution of gas 
nd star formation around the central galactic zone can introduce 
eculiarities into dynamics. 
Sarkar et al. ( 2015 ) have described first a 2D dynamical model of

 galactic scale outflow that might have resulted in the formation of
he Loop I structure and Fermi-bubbles inside. The o v erall dynamics
re very similar to ours, with small differences in morphology, 
hich are connected with the difference in energy injection regimes: 
pherically symmetric wind with a continuous rate in their model 
 ersus episodic e xplosions from individual SNe randomly spread in
pace and time within a central spherical stellar cluster of radius
 c = 60 pc. The ef fecti ve luminosities though differ by a factor of
ve: Star formation rates 0.5 M � yr −1 in Sarkar et al. ( 2015 ) model
ersus 0.1 M � yr −1 in our most powerful model with the SFR close
o the observed one (Yusef-Zadeh et al. 2009 ; Immer et al. 2012 ;
oepferl et al. 2015 ; Barnes et al. 2017 ). The difference is also in the

otal activity of the central source: Sarkar et al. ( 2015 ) considered
he central source active for o v er 27 Myr, whereas in our case the
tar formation ceased at t ∼ 15 Myr. The superbubble vertical scales
re similar though: ∼15 kpc at t ∼ 25–27 Myr. The efficiencies of a
ontinuous wind and sporadic individual SNe in driving large scale 
utflows are hard to compare because the models differ in their
MNRAS 520, 2655–2667 (2023) 
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Figure 16. From the uppermost to the lowermost: Shown are the vertical profiles of H α, X-ray (0.6–1 keV) intensities, and the IR flux in the range from 

λ = 3 μm to 3 = mm for different ages corresponding to the superbubbles in Fig. 5 (10, 15, 20, 25, 30, and 35 Myr, respecti vely, also sho wn in the upper 
right panel). The profiles are horizontally averaged at a given z within 	 r = 100 pc centred at r = 0. In panels of H α intensity the thin black line depicts an 
exponential decrease I ∼ exp( − z). Colours code the superbubble age equi v alently to those in Fig. 5 . 

Figure 17. X-ray surface intensity (keV s −1 cm 

−2 sr −1 ) in the range 0.7–
1.2 keV in the galactic coordinates (an observer is located at 8 kpc from the 
centre of SNe cluster, which is in the galactic centre) for the model with 
SFR = 0.1 M � yr −1 . The age is 25 Myr. The halo profile is fiducial: n h = 

10 −2 cm 

−3 . 

b  

c
 

i  

o  

γ  

o  

s
∼  

1  

o  

S  

p

4

O  

b  

i  

t

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/2/2655/7008524 by R
am

an R
esearch Institute user on 24 April 2023
asic parameters: mid-plane disc densities, halo densities, and the
orresponding scales. 

It is worth noting that the expected brightness of the superbubble
n our model is comparable in order of magnitude to the one
btained by Sarkar et al. ( 2015 ). For the leptonic mechanism of
-emission connected with an inverse scattering of CMB photons
n cosmic ray electrons with E ∼ 100 TeV, one can estimate the
urface brightness of the bubble at γ -ray energy E γ ∼ 1 GeV as F γ

6 × 10 −8 n 3 T 7 L 1 GeV cm 

−2 s −1 sr −1 , with the gas density n 3 =
0 −3 n , and temperature T 7 = 10 −7 T , and the line-of-sight thickness
f the emitting hot gas L 1 = L /1 kpc, following the assumption of
arkar et al. ( 2015 ) that the cosmic ray electron energy density is
roportional to the energy density of the hot gas. 

.2 Edge-on galaxies 

ur results can be applied also to edge-on galaxies where growing
ubbles and superbubbles are seen projected along a sightline, and
n some cases, can be superimposed to form a smooth image along
he galactic disc without being separated individually. 

The superbubble X-ray brightness in the low energy band 0.5–
 keV band increases with the halo floor density ρh . This follows from

art/stad309_f16.eps
art/stad309_f17.eps
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he dependence of emissivity on density: The intensity is roughly 
 x ∼ 2 R b εX ( ρ, T ), where εX ∝ ρ2 

b T 
−1 / 2 exp ( −1 . 16 E keV /T 7 ) is the

missivity, R b ∝ ρ
−1 / 5 
b the bubble radius, T ∝ ρ

−2 / 5 
b . At later stages

hen the vertical size of the bubble is in excess of ∼2 z g , it expands
redominantly into the halo, and we assume that the mean gas density
n the bubble is 〈 ρb 〉 ∼ 10 −2 ρh (Vasiliev et al. 2017 ). The exponential
actor in the emissivity e −2 . 33 /T 7 determines a slow decay of the 
rightness in time. 
Quite similarly H α emission increases with the halo density as 

he X-ray intensity does. It is connected with the fact that the
ecombination emissions come from the denser and colder shell with 
 dominant contribution from the regions belonging to the halo. 

For a fixed gas halo density profile, the soft X-ray intensity of the
ubbles shows rather a weak sensitivity to SFR in the range 0.05–
.1 M � yr −1 , as seen in Fig. 10 and on the second row in Fig. 16 : From
eft to right the z-averaged intensity shows only time variations from

1–2 at t = 10 Myr to ∼0.1 keV cm 

−2 s −1 sr −1 at t = 35 Myr. This is
onnected with a weak dependence of the superbubble radius on SFR
early as R b ∝ SFR 

1/5 . Another reason is that superbubbles with higher
FR e xpand progressiv ely upwards after reaching a few z h , and the
as density inside decreases faster than in those bubbles driven by 
ower SFR. However, when integrated over the superbubble, the total 
-ray luminosity relates to the SFR as L X ∝ SFR 

α with α ≈ 0.25–1.3
epending on the age (see Section 3.2.1 ). 
Warm dust is also known to trace galactic outflows on scale 

eights from the inner and intermediate haloes (Dahlem et al. 2001 ;
 ̈ullmann et al. 2006 ; McCormick, Veilleux & Rupke 2013 ) to larger
eights reached by strong galactic winds. In the end of evolution, 
he integral IR luminosity of a single bubble with a given SFR (in
 � yr −1 ) is L IR /L � ∼ 2 × 10 6 SFR (see Fig. 9 ). This is strikingly

ower (four order of magnitudes) than the L FIR –SFR relation for
ormal and starbursts galaxies (see for recent discussion Kennicutt 
 Neal 2012 ; Kennicutt & De Los Reyes 2021 ). It is important to

mphasize though that this relation belongs solely to the superbubble 
nterior extending to the outer z > 1 kpc halo and is explained by
 low gas density in there. On the contrary, FIR from starburst
alaxies stems from the brightest regions of SF in the galaxy discs.
stimates of the extraplanar ( z � 1 kpc) FIR emission in edge-on
alaxies give similar numbers. For instance, the sum of the FIR
uxes from extraplanar regions around the X-shaped structure in 

he galaxy NGC 3079 with its SFR ≈2.6 M � yr −1 (Veilleux et al.
021 ), results in L FIR ∼ 2 × 10 7 SFR in solar units. A similar value
 FIR ∼ 4 × 10 7 SFR can be inferred from the data for the halo
f the galaxy NGC 891 presented by Yoon et al. ( 2021 ; see their 
able 3). 

.2.1 NGC 891 

he galaxy NGC 891 is similar to the Milky Way (Bok & Bok 1981 ;
an der Kruit 1984 ; Sofue, Nakai & Handa 1987 ; Bottema, van der
ruit & Valentijn 1991 ; Dettmar 1992 ; Dahlem et al. 1995 ). Its IR,
 α, CO, [CII] 158 μm emissions and the synchrotron radio-halo and
ther galaxy-scale structures are fed by SFR ∼ 5 to ∼10 M � yr −1 

as inferred from Dahlem et al. 1995 ). Recently Yoon et al. ( 2021 )
escribed a FIR emission from a dusty halo extending up to 8 kpc
bo v e the disc. It may indicate that even though averaged over
he disc surface SFR is only ∼0.03 M � yr −1 kpc −2 , under certain
onditions, it can launch a large scale ele v ation of the interstellar
as. From the point of view of our simulations, such conditions can
e fulfilled when the injection of energy into the interstellar medium 

ISM) is provided by compact stellar clusters: About a hundred OB-
ssociations of ∼0.04 M � yr −1 with the total rate ∼4 M � yr −1 spread
andomly o v er the disc can maintain such a halo. Indeed, as seen from
ig. 5 , a cluster with SFR = 0.04 M � yr −1 in 35 Myr reaches z ∼
0 kpc and r ∼ 4 kpc, co v ering in the disc ∼50 kpc 2 . As seen in
ig. 4 , the lifetime of such superbubbles can be longer than 35 Myr,
esulting in a high co v ering fraction of the disc area by superbubbles.
he total X-ray luminosity of such superbubbles can be of 10 36 –
0 37 erg s −1 each as can be judged from Fig. 9 , being in agreement
ith observational estimates (Bregman & Pildis 1994 ; Wang et al.
995 ). 
Hodges-Kluck et al. ( 2018 ) report a disc-wide X-ray emission

 = 0.4–1.4 keV with the intensity ∼10 −15 erg cm 

−2 s −1 arcmin −2 

xtending up to 5 kpc in the vertical direction, and up to 10 kpc in the
entral part; higher energy photons E = 2–5 keV extend over smaller
istances. All our models except the one with SFR = 0.026 M � yr −1 

nd n h = 0.001 cm 

−3 (5th panel in Fig. 5 ) predict similar intensities
ithin the heights they occupy. In particular, the model superbubble 

rom a cluster with SFR = 0.05 M � yr −1 extends its soft X-ray up
o z ∼ 10 kpc (see third panel in second row in Fig. 16 ). The latter
ay indicate on the presence of an active stellar cluster that might

as initiated an outflow 25–30 Myr ago in the centre of NGC 891. 
Intensities in H α predicted in all our models (except the one with

FR = 0.026 M � yr −1 and n h = 0.001 cm 

−3 on 5th panel in Fig. 5 )
ithin | z| ∼ 2–3 kpc are consistent with those observed in edge-on
alaxies in the sample reported by Miller & Veilleux ( 2003 ) including
GC 891. 
The OVI 1036 Å line emission with � 

0 −18 erg cm 

−1 s −1 arcmin −2 at heights up to z = 1.5 kpc is
lso observed (Chung, Vargas & Hamden 2021 ). Absorptions in 
ow-ionized ions typical for warm ionized gas (CII, MgII, SiII, SiIII,
nd others) has been observed by Qu, Bregman & Hodges-Kluck 
 2019 ). 

 C O N C L U S I O N S  

ur results are summarized as follows: 

(i) Stellar clusters with SFR = 0.006 − 0.1 M � yr −1 and surface
nergy injection rate of ε̇ ∼ 0 . 01 − 0 . 15 erg cm 

−2 s −1 produce
uperbubbles extending from 3 to 16 kpc. The superbubble traced 
n the Milky Way by the North Polar Spur can be launched and
aintained by a cluster with a relatively low SFR ∼ 0.1 M � yr −1 

lose to the observed one. The value of the SFR ∼ 0.006 M � yr −1 

nd the corresponding energy input rate ε̇ ∼ 0 . 01 erg cm 

−2 s −1 is
lose to the threshold in ambient gas with parameters typical for the
ilky Way central region. 
(ii) Such superbubbles can stay filled with a hot ( T � 10 6 − 10 7 K)

ow-density ( n � 10 −3 cm 

−3 ) and enriched ([Z/H] � 0) gas for a long
ime of the order of t � 30 Myr, and be sufficiently bright in the soft
-ray emission in energy range E = 0.5 − 2.0 keV with L X ∼

0.1 − 1) × 10 36 SFR 

4/3 erg s −1 while SFR � 0.06 M � yr −1 , and L X 

(2 − 6) × 10 37 SFR 

1/4 erg s −1 at higher SFR. 
(iii) A fraction of dust can survive in the bubble interior on this

ime scale, and can be seen in infrared emission. Ho we ver, a deficit of
ust particles of small sizes a ≤ 100 Å results in a considerable, factor
f ten, depression of the integrated dust IR emission, even though the
ust mass remains practically unchanged. The deficit of small size 
articles is also revealed in the ratio F λ(25 μm)/ F λ(250 μm). The
normal’ dust shows log [ F 25 / F 250 ] ≈ 0.8, whereas the ‘burnt’ one
as log [ F 25 / F 250 ] ≈ 0.5. 

(iv) Stellar clusters with SFR in this range spread through o v er
alactic discs can maintain gaseous haloes that radiates in X-ray, 
MNRAS 520, 2655–2667 (2023) 
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 α, and IR dust continuum with the intensities similar to those
bserved in edge-on galaxies (such as NGC 891). The luminosity
f individual superbubbles is connected with the underlying SFR
 IR /L � ∼ 2 × 10 6 SFR, roughly consistent with the halo IR-emission
bserved in a few edge-on galaxies. 
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igure A1. Isochoric cooling rates in the metallicity range [Z/H] =−4..1 
ith the increment [ 	 Z/H], calculated using the method described in Vasiliev
 2013 ). 

PPENDIX  A :  C O O L I N G  F U N C T I O N  

n our simulations we have used a non-equilibrium cooling function 
 ( T , Z ) that includes time-dependent evolution of the ionization

tate of the dominant coolants: He, C, N, O, Ne, Mg, Si, Fe,
mplemented self-consistently into cooling processes described by 
asiliev ( 2013 ), Z is the abundance of heavy elements. In (Vasiliev
013 ) calculations of the gas ionization and thermal state begin from
he initial conditions at T = 10 8 K when all dominant elements
re fully ionized and then are supposed to recombine free without 
dditional ionization and heating sources. We make use only the 
sochoric version of the cooling function because hydrodynamical 
rocesses relax to pressure equilibrium on rele v ant time-scales of a
yr. In our simulations the � ( T , Z ) function is tabulated properly and
hen necessary, splined between different T and Z corresponding to 

heir values in a given cell and at a given time. Fig. A1 shows
 graphical representation of � ( T , Z ), the increment [ 	 Z/H] is
alculated from the requirements that 

� ( T , Z) = 

1 

� ( T , z) 

∂� ( T , Z) 

∂[ Z / H ] 
[ 	 Z / H ] ≤ −0 . 04 , (A1) 

esulting in an approximate difference between subsequent values of 
 ( T , Z ) by not more than 10–12 per cent. 

PPENDI X  B:  E VO L U T I O N  O F  DUST  SIZE  

I STRI BU TI ON  

t T > 10 6 K thermal sputtering rate of a dust particle is ȧ �
3 × 10 −18 n cm s −1 , ȧ does not depend explicitly on dust radius
 . Correspondingly, the continuity equation for dust size distribution 
s (equation 72 in Laor & Draine 1993 ) 

∂n a 

∂t 
+ ȧ 

∂n a 

∂a 
= 0 , (B1) 

t has the solution n a ( t ) = f ( a + a 0 t / τ 0 ), where a 0 / τ 0 ≡ 3 × 10 −18 n ,
 ( a ) is the dust size distribution an the initial state. For the ‘standard’

RN distribution n a ∝ a −3.5 within a 1 ≤ a ≤ a 2 (Mathis et al.
977 ) the distribution remains similar n a ( t ) ∝ ( a + a 0 t / τ 0 ) −3.5 with
 decreasing magnitude and with the minimum size a a ( t ) = a 1 +
 0 t / τ 0 . 
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