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Abstract:  

Cool clouds are expected to be destroyed and incorporated into hot supernova-driven galactic 

winds. The mass-loading of a wind by the cool medium modifies the bulk velocity, temperature, 

density, entropy, and abundance profiles of the hot phase relative to an unmass-loaded outflow. 

We provide general equations and limits for this physics that can be used to infer the rate of cool 

gas entrainment from X-ray observations, accounting for non-spherical expansion. In general, 

mass-loading flattens the density and temperature profiles, decreases the velocity and increases the 

entropy if the Mach number is above a critical value. We first apply this model to a recent high-

resolution galactic outflow simulation where the mass-loading can be directly inferred. We show 

that the temperature, entropy, and composition profiles are well matched, providing evidence that 

this physics sets the bulk hot gas profiles. We then model the diffuse X-ray emission from the local 

starburst M82. The non-spherical (more cylindrical) outflow geometry is directly taken from the 

observed X-ray surface brightness profile. These models predict an asymptotic hot wind velocity 

of ∼ 1000 km s−1 , which is ∼1.5–2 times smaller than previous predictions. We also show how 

the observed entropy profile can be used to constrain the outflow velocity, making predictions for 

future missions like XRISM. We then test the models with 3D hydrodynamic simulations and find 

that the 1D analytics agree well, and that they are generically stable. As the flow transitions to the 

subsonic regime, we see the assumptions of a steady-state flow break down, and a multi-phase and 

multi-dynamical flow is generated through non-linear instabilities.  



1. Introduction:  

Understanding the nature of galactic flows is fundamental to understanding how galaxies evolve. 

Winds are commonly seen in starforming galaxies at both low and high redshifts (Martin 1998; 

Pettini et al. 2001; Rubin et al. 2010; Heckman et al. 2015; Heckman & Borthakur 2016). Galactic 

winds modulate star formation, shape both the stellar mass function and the mass–metallicity 

relation (Dekel & Silk 1986; Finlator & Davé 2008; Peeples & Shankar 2011), and advect metals 

beyond the host galaxy into both the circumgalactic medium (CGM) and intergalactic medium 

(IGM; Aguirre et al. 2001; Scannapieco, Ferrara & Madau 2002; Tremonti et al. 2004; 

Oppenheimer & Davé 2006, 2008).  

Galactic winds are multiphase and multidynamical. X-ray obser- vations of nearby star-forming 

galaxies such as M82 reveal a hot phase at T ≈ 106–107 K (e.g, Strickland & Heckman 2007). 

Optical and UV observations reveal ionized and neutral atomic ≈104–105 K gas (Heckman, Armus 

& Miley 1990; Martin 2005; Westmoquette et al. 2009). Far-infrared, sub-mm, and molecular 

tracers reveal the cold ≤104 K medium (Walter, Weiss & Scoville 2002; Leroy et al. 2015). These 

different temperature components are observed to have different kinematics. In some systems the 

cold phase is observed to be gravitationally bound and is recycled as a fountain-like flow (Leroy 

et al. 2015), whereas, in others, the velocity exceeds the escape velocity and is able to leave the 

host galaxy.  

Chevalier & Clegg (1985) provided the analytic solution for a wind driven by uniform energy and 

mass injection that undergoes adiabatic expansion as it leaves the driving region (hereafter CC85). 

The model requires input of two physical observables (out of v, n, and T ) in order parametrize the 

dimensionless quantities α and β, which describe the amount of energy and mass-injection within 



the central region. The hot phase kinematics have not been directly observed yet. Previous X-ray 

observations of M82’s central temperature and densities constrained the energy and mass-injection 

to values of 0.3 ≤ α ≤ 1 and 1 ≤ β ≤ 2.8, respectively, which predict that the hot supersonic gas is 

moving at v = 1400–2000 km s−1 (Strickland & Heckman 2009).  

A critical open issue in galactic wind physics is the acceleration mechanism for cool and warm gas 

in outflows and their interactions with the hot phase. The prevailing picture is that winds are driven 

by shock-heated hot gas produced by stellar winds and supernovae (SNe), as predicted by the 

CC85 model. However, it has been shown that clouds embedded in a hot supersonic medium 

undergo hydrodynamical shredding before being accelerated by ram pressure to observed 

velocities (Cooper et al. 2009; Scannapieco & Brüggen 2015; Zhang et al. 2017; Schneider, 

Robertson & Thompson 2018). Gronke & Oh (2018) showed there exists a parameter space where 

cold clouds will actually grow and become accelerated to high velocities due to a cooling and 

mixing cycle. However, the growth of cold clouds has yet not been observed in global SNe-driven 

galactic wind simulations (Schneider et al. 2020).  

Mixing of cold, dense, material in a hot supersonic flow is expected to affect its thermodynamics 

and kinematics. CGOLS IV found that energy and momentum mixing between the hot and cold 

phases leads to radial profiles of the hot gas that do not undergo evolution indicative of adiabatic 

spherical expansion (Schneider et al. 2020). New observations of M82, which capture the diffuse 

X-rays 2.5 kpc above and below the plane, too, have temperature and density profiles that fall 

flatter than adiabatic spherical expansion. The presence of mixing in CGOLS IV and M82, as well 

its essential role in cloud growth (Gronke & Oh 2018), all motivate a study on mixing of a cool 

phase into a hot outflow in the context of galactic winds its implications for observations.  



Additional physics have been included to SNe-driven winds such as radiative cooling (Wang 1995; 

Thompson et al. 2016; Lochhaas, Thompson & Schneider 2020), the inclusion of cosmic rays and 

radiation pressure Yu et al. (2020), and both additional mass-loading and wind-collimation outside 

the driving region (Suchkov et al. 1996). Our study deviates from Suchkov et al. (1996) by 

explicitly including non-spherical divergence into the analytics of our 1D wind model (whereas 

they deduced results from 2D simulations) and a simpler description of mass-loading (we do not 

include a physical description of the cold clouds as Cowie, McKee & Ostriker 1981, Suchkov et 

al. 1996, and Fielding & Bryan 2021 do). This allowed us to derive equations that explicitly show 

how both geometry and mass- loading affect the evolution of the hot outflow (see equations 16– 

18). Furthermore, we present a prescription on interpreting X-ray observations, where we posit 

that the outflow geometry should be directly gathered from analysis tools, such as XSPEC for 

Chandra data, which can be used in our flexible models to then infer the mixing rate. This is 

important because it is not self-consistent to use a tool like XSPEC to determine the central 

temperature and density, which may take on a non-spherical specific flow geometry during 

analysis, and then to use a spherical CC85 wind model or any other arbitrary flow geometry to 

make predictions about the hot gas kinematics and thermodynamics. We apply our models to 

CGOL IV (see Nguyen & Thompson, 2021 for this part of the paper) and M82 data and show 

mass-loading and/or non-spherical divergence may be able to explain the deviations from a 

spherical adiabatic wind as observed by Schneider et al. (2020) and Lopez et al. (2020).  

This paper proceeds as follows: In Section 2, we briefly review the CC85 wind model and present 

the hydrodynamic equations that embody this work. We derive equations that directly show how 

observables are affected by both the mixing of a hot and cool material as well as the affects due to 

geometry of the hot outflow itself. In Section 3, we investigate the effects of mass- loading and 



non-spherical divergence independently in two case studies that better reveal the implications of 

the derived equations. Relative to an adiabatic spherical flow, both mass-loading and non- 

spherical divergence lead to flatter temperature, pressure, and density profiles. Mass-loading 

decelerates the hot outflow as kinetic energy is thermalized and provides heating. Adiabatic 

supersonic winds undergoing spherical expansion and flow through flared-cylinder geometry do 

not decelerate. However, other rapidly varying geometries can decelerate the flow, and we derive 

the criterion for these flow geometries. The entropy profile typically increases in a mass- loaded 

wind whereas it remains constant for a non-radiative flow, regardless of flow geometry. However, 

we show that there is a critical Mach number below which the entropy of the flow decreases if 

mass is added. We use this criterion to derive the minimum/maximum gas velocity for 

increasing/decreasing entropy. Lastly, mass-loading leads to a decreasing abundance profile, as 

the hot metal-rich flow is mixed with metal-poor cool gas. In Section 3 we apply our to recent 

observations of M82. For the M82 comparison, we find that a mass-loaded flow into the non-

spherical flow geometry, directly determined by XSPEC, provide an explanation for the deviations 

of a spherical adiabatic wind in the observed temperatures and densities. We test the stability of 

the flows using 3D hydrodynamic simulations with the Cholla astrophysical code.  We verify the 

assumptions of a steady-state supersonic mass-loaded flow. We identify a regime in which the 

flow can become unstable, which is when the flow transitions from supersonic to subsonic. In 

Section 4 we provided a synthesis of the work and highlight future directions.  

2. Wind Equations:  

For a flow moving in the �̂� direction, the hydrodynamic equations are:  
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where 𝑣, 𝜌, 𝑃, 𝑛, 𝜖, Λ, ∇Φ are the velocity, mass density, pressure, number density, specific internal 

energy, cooling function, and gravitational acceleration along �̂�, respectively. In the highly 

supersonic limit, 𝑀 ≫ 1, and for 𝛾 = "
#
 and smoothly varying flows, the equations simplify to 
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From these equations, it is apparent that mass-loading leads to flatter temperature and density 

profiles, decelerates the hot gas, and increases its entropy. By setting �̇� → 0, the expressions accord 

with expectation for supersonic adiabatic spherical flow (i.e., 𝑣 = constant, 𝜌 ∝ 𝑟%!, 𝑇 ∝ 𝑟%
!
", and 

𝐾 = constant.  

Solving for the roots in the Mach number wind equation, the critical Mach number at which the 

gradient of the entropy will either be positive or negative due to mass-loading is: 



𝑀&'() = 1.89. 

3. Results:  

We first consider the flared-cylinder geometry that has been used in previous studies on coronal 

flux tubes and two-component wind studies of the Milky Way (e.g, Breitschwerdt, McKenzie & 

Voelk 1991; Everett et al. 2008). We use the CC85 model to provide the initial conditions of the 

problem, focusing on the supersonic regime. We assume the flow undergoes uniform energy and 

mass injection and spherical divergence in the region r < R, as illustrated by Fig. 1, and then begins 

non-spherical expansion at r ≥ R described by A(s). The area function for a flared cylinder is 

𝐴(𝑠) = 𝐴* 8	1 + L
𝑠
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M
!
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where 𝑠$'+,- is the approximate height at which the flow transitions from a cylinder with area 𝐴* 

to that of a spherical wind.  In Figure 1, we plot velocity, density, temperature, pressure, Mach 

number, and entropy solutions for varied pipe heights. Relative to the adiabatic spherical expansion 

model, we see that a flow that undergoes non-spherical expansion, in this case through a flared-

cylinder, has shallower temperature, density, and pressure profiles.   



 

 Figure 2. Velocity, density, pressure, Mach number, and entropy for a representative set 

of solutions for a wind expanding into a flared-cylinder geometry for varied pipe heights.  

 

We now explore the effects of mass-loading occurring in a spherical supersonic wind. We assume 

that mass is deposited in the form  
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Where 𝑅./,0 is the mass-loading radius. Figure 5 shows velocity, density, temperature, pressure, 

Mach number, and entropy solutions for varied volumetric mass-loading rates. Relative to the 

adiabatic spherical model, we see that a mass-loaded spherical flow has shallower temperatures, 

density, and pressure profiles. This is qualitatively similar to a non-mass loaded flow undergoing 

non-spherical expansion, however the key difference lies in the entropy profile. The entropy for 

an adiabatic flow, spherical or non-spherical, remains constant. Mass-loading increases the 

entropy.  



 

 

Figure 3. Velocity, density, pressure, Mach number, and entropy for a representative set of 

solutions for a spherical wind with varied mass-loading rates.  

 

We verify the equations above using 3D hydrodynamic simulations with Cholla. All simulations 

consist of a wind-driving region and a mass-loading region as in the 1D models presented in 

Figures 2 and 3. Each simulation is carried out in a box with uniform grid cells. The box has 

dimensions 5 × 5 × 20 kpc with 128 × 128 × 512 cells in each spatial dimension, implying a cell 

resolution of Δ𝑥 ≃ 39 pc. In Figure 4, we plot 1D �̂�-skewers of density temperature, velocity, and 

Mach number at 50 Myr, long after the simulation has reached a steady-state configuration. We 

find that all models are in agreement with the semi-analytic profiles calculated by the 1D models 

and that they are indeed time-independent as previously assumed by Nguyen & Thompson 2021.  

This is the first set of calculations that show a mass-loaded supersonic (𝑀 > 1) flow is stable.   



 

Figure 4. The number density, temperature, velocity, and Mach number profiles from 1D �̂�-

skewers from time-dependent 3D Cholla simulations (black x’s) laid over the 1D steady-state 

semi-analytic calculations (colored solid lines) of Nguyen & Thompson 2021. We see that the 

simulations produce profiles that agree with the 1D steady-state models, showing that the 

assumptions of steady-state are indeed valid.  

 

We attempt a preliminary application of the theory of mass-loaded flows (which we have verified 

using 3D hydro simulations, see Fig. 4) to recent observations of M82. Lopez et. al (2020) used 

Chandra X-Ray Observatory imaging and spectra to map the hot plasma properties of M82’s 

multiphase wind (Leroy et al. 2015). Previous studies focused on hard X-rays in sub-0.5-kpc 

nuclear region (e.g, Strickland & Heckman 2007, 2009). Similar to Ranalli et al. (2008), Lopez et 

al. (2020) constructed high-resolution images of the diffuse X-ray emission 2.5 kpc above and 



below the starburst ridge that are approximately 10 times deeper than Strickland & Heckman 

(2009). Aside from the different X-ray telescopes, Lopez et al.’s work differs from Ranalli et al. 

through the inclusion of an additional temperature component, and non-thermal components such 

as charge-exchange and a power-law component. They found that the flux-weighted hot gas 

temperature and density profiles fell off much more slowly than would be expected for spherical 

adiabatic expansion. Moreover, some of the derived metal abundance profiles (notably Si and S) 

decrease substantially for the first kpc above and below the plane. These shallow temperature and 

density profiles and steep drops in abundance are reminiscent results that were the focus of the last 

section (see Fig. 3), suggesting that mixing of a metal-rich hot wind with a metal-poor cooler 

medium outside of the driving starburst region could explain the observations.  

The outflow geometry is derived directly from the X-ray observations. Lopez et al. (2020) calculate 

the cylindrical cross-section of the hot along the minor axis using the transverse X-ray surface 

brightness profile as a function of height, with the criterion that 99 per cent of the emission is 

enclosed in the cylindrical volume of each region. Fig. 5 shows the non-spherical expansion factor 

A(s) (black triangles) and cubic spline fits to the A(s) measurements shown as the turquoise line in 

Fig. 5. The A(s) here is determined using 68 per cent of the enclosed emission (private 

communication, Lopez) rather than the 99 per cent presented in table 3 of Lopez et al. (2020).  

Lopez et al. (2020) used XSPEC to model the X-ray emitting gas as a multitemperature plasma, 

finding three individual components with central temperatures of 0.72, 1.46, and 6.89 keV which 

Lopez et al. (2020) term the ‘warm-hot,’ ‘hot,’ and ‘very-hot.’ The latter was detected only in the 

very central region of the starburst. In comparing our models with the data, we are forced to make 

a choice about how to treat the observed multitemperature plasma with a single-component mass-



loaded hot wind model. For this preliminary comparison with the data, we construct a density-

weighted temperature and total density of hot gas as follows:  
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𝑛(
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, 

and 

𝑛)/) = Σ2𝑛( , 

Where 𝑖 = 1, 2, 3 corresponds to the warm-hot, hot, and very-hot temperature components.  

 

Figure 5. Left-hand panel: the non-spherical area function for M82’s hot wind derived from the 

observed X-ray (0.5–7 keV) surface brightness contours perpendicular to the minor axis as a 

function of height s above and below the starburst disc at s = 0 (private communication, Lopez). 

The black triangles show the lateral size of the contour enclosing 68 per cent of the emission as a 

function of distance along the minor axis. The turquoise lines are a cubic spline fit to the southern 

and northern sides independently. The light grey dot–dashed line is the area element for spherical 

expansion. Right-hand panel: dln A/ds for the cubic spline fits to A(s) and for spherical expansion 

(grey dot–dashed). This term directly affects the wind profiles (e.g. equations 16–19). 



Solving the general equations using the cubic-spline fit for A(s) determined from Fig. 5, we derive 

profiles of temperature, density, velocity, entropy, mass-tracking variable c (equation 32), and 

luminosity along both the southern and northern wind axes. Fig. 6 shows three models, with each 

adding different pieces of physics. As discussed in Lopez et al. (2020), the spherical, non-radiative, 

wind model (grey) is a poor fit to the data. In contrast, the model with non-spherical A(s) derived 

from the observations in Fig. 5 (blue) does a much better job, especially on the northern side where 

the density and temperature can be nearly matched with zero mass-loading. Adding mass-loading 

(orange) makes the temperature and density gradients even flatter, lowers the predicted velocity 

profile, increases the X-ray luminosity, decrease c(s), and leads to a complicated entropy profile. 

Overall, this comparison suggests that non-spherical areal divergence and mass-loading may well 

explain the extended X- ray emission of M82.  

 

 

Fig 6. Temperature, density, and velocity for three-different models for each wind axis: (1) 

adiabatic spherical (grey dashed line), (2) adiabatic non-spherical (blue solid), and (3) mass-loaded 

non-spherical (orange solid). The non-spherical models have different flow area elements 𝐴(𝑠) for 

each minor axis direction (See Fig. 5). Similarly, the mass-loaded model has different injection 

radii and loading rates for each direction. The black dashed lines are the density-weighted 

measurements of M82 observed by Chandra (private communication, Lopez).  



 

We continue the exploration of the stability of these mass-loaded winds. The 1D equations used 

above have an inherent limitation, in which they cannot cross the sonic points. We showed (Fig. 

4) that these equations were stable. However, we would like to test the stability of the flow after it 

transitions from supersonic to subsonic. Here, we carry out a suite of simulations with higher mass-

loading such that the flow decelerates into the subsonic regime. From our analytic calculations, 

the growth rate of this instability peaks at the transonic regime, thus we expect instabilities to 

develop. Each simulation is carried out in a box of 6 × 6 × 6 kpc with 512 × 512	 × 512	grid 

cells, implying a cell resolution of Δ𝑥 ≃ 5 pc. In Figure 7 we plot 2D density, temperature, 

velocity, and Mach number slices.  

 

Fig 7.  2D density, pressure, temperature, and velocity slices at 20 Myr for two different 

simulations. We see that as the flow transitions from supersonic to subsonic (see bottom right 

panel), the flow becomes unstable and develops large-scale filamentary structure. This shows that 



supersonic flows that sufficiently mass-loaded (such that they cross the sonic point) can enter a 

regime in which they become radiative and unstable.  

 

4. Conclusions:  

In these works, we investigate how the bulk properties of a single component hot galactic wind 

are modified by both mass-loading from a cool phase and non-spherical areal divergence. We show 

in a preliminary model fit, the 1D wind models better explain recent observations of M82 than a 

simple spherical adiabatic wind model. This is the first wind model that incorporates both non-

spherical flow geometries and additional mass-loading which is representative of cold cloud 

entrainment (see Nguyen & Thompson (2021) for the complete paper, which includes a deeper 

discussion of the flow properties and a comparison to the CGOLS IV simulations). We then test 

the 1D models, which assumed time-independence, by using 3D time-dependent simulations. We 

show that there is good agreement, and the flows are indeed steady-state provided that they remain 

supersonic. We find that there is a regime of instability, which occurs when the flow transitions 

from supersonic to subsonic. This is the first work that shows mass-loaded hot supersonic flows 

are stable, and the first to find a regime in which the hot flow can become unstable due to 

entrainment of cold clouds (to be submitted soon in 2022). These models produce new predictions 

for the hot gas velocities, which will be able to be observed for the first time with the XRISM 

mission, which is expected to launch in 2023. Future work includes constructing a simulation 

which artificially creates the collimation, which, in the 1D models, was described the non-spherical 

areal divergence term 𝐴(𝑠), and testing the stability of these configurations.  
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