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A B S T R A C T 

In this work, we present an action-based dynamical equilibrium model to constrain the phase-space distribution of stars in the 
stellar halo, present-day dark matter distribution, and the total mass distribution in M31-like galaxies. The model comprises a 
three-component gravitational potential (stellar bulge, stellar disc, and a dark matter halo), and a double power-law distribution 

function (DF), f ( J ), which is a function of actions. A Bayesian model-fitting algorithm was implemented that enabled both 

parameters of the potential and DF to be explored. After testing the model-fitting algorithm on mock data drawn from the 
model itself, it was applied to a set of three M31-like haloes from the Auriga simulations (Auriga 21, Auriga 23, and Auriga 
24). Furthermore, we tested the equilibrium assumption and the ability of a double power-law DF to represent the stellar halo 

stars. The model incurs an error in the total enclosed mass of around 10 per cent out to 100 kpc, thus justifying the equilibrium 

assumption. Furthermore, the double power-law DF used proves to be an appropriate description of the investigated M31-like 
haloes. The anisotropy profiles of the haloes were also investigated and discussed from a merger history point of vie w, ho we ver, 
our approach underscores to capture the non-equilibrium anisotropy information of stellar haloes in Auriga models, which is 
expected. 

Key words: galaxies: fundamental parameters – galaxies: haloes – galaxies: kinematics and dynamics – dark matter. 
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 I N T RO D U C T I O N  

tellar haloes play an important role in understanding the accretion 
istories of galaxies. Bell et al. ( 2008 ) found that the majority of
he stellar halo in the Milky Way (MW) is primarily composed of
ubstructure, originating from external, accreted galaxies through 
tripping (e.g. Johnston, Hernquist & Bolte 1996 ; Johnston 1998 ; 
ead, Pontzen & Viel 2006 ; Naidu et al. 2020 ), but also stars from

he inner parts of the galaxies, that have been heated into wider
rbits (e.g. Zolotov et al. 2009 ; Cooper et al. 2015 ). Due to the long
ime-scales of energy and momenta exchange compared to the ages 
f the host galaxies, we can expect to find preserved relics of past
ccretion events in phase space. Even when these substructures are 
hase mixed, there is a memory of the original accreted satellites
n the chemical composition and dynamical properties of the stars. 

oreo v er, the galactic halo is dark matter dominated with stellar con-
ent being low. This makes stellar haloes invaluable in investigating 
he dark matter content of galaxies. 

Thanks to state-of-the-art instruments, such as those aboard Gaia 
Gaia Collaboration 2016 ), we now have the biggest, most accurate 
D phase-space map of our own Galaxy. However, our position inside 
he MW can hinder the study of the global halo. Furthermore, our
alaxy is just one of the many disc spiral galaxies in the Universe.

f we wish to get a complete picture of the pathways leading to the
 E-mail: paula.gherghinescu@durham.ac.uk 
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ormation of disc galaxies, we need to expand our sample beyond the
W. In this regard, studying our neighbour, the Andromeda Galaxy 

M31) is complementary. Its proximity ( ∼ 780 kpc) and edge-on 
rientation ( i ∼ 77 ◦) offer a panoramic view and make it an ideal
andidate for studying stellar haloes of external disc galaxies. 

The stellar halo of M31 shows a wealth of substructures, as well
s numerous surviving satellites (e.g. Martin et al. 2009 ; Richardson
t al. 2011 ; McConnachie et al. 2018 ), suggesting a busy recent
ccretion history. There is evidence of a major recent accretion 
vent that happened < 4 Gyr ago with an external galaxy of mass

10 10 M � (e.g. Hammer et al. 2018 ; Bhattacharya et al. 2019b ).
n contrast, MW’s evolution appears to have been more secular 
n the last ≈ 8 − 9 Gyr. There is growing evidence that the MW
xperienced a significant minor merger ≈ 8 Gyr ago but nothing 
ince (e.g. Belokurov et al. 2018 ; Helmi et al. 2018 ). 

The density profile of the stellar halo of the MW exhibits a break
round 15–25 kpc (e.g. Deason, Belokurov & Evans 2011 ; Sesar, 
uri ́c & Ivezi ́c 2011 ; Kafle et al. 2014 ). In contrast, the density profile
f the stellar halo of M31 (e.g. Gilbert et al. 2012 ) shows a smooth
rofile, with no break, out to 100 kpc. Deason et al. ( 2013 ) used the
imulations of Bullock & Johnston ( 2005 ) to associate the break in the

W density profile to a relatively early and massive accretion event
likely Gaia–Enceladus Sausage). In contrast, the lack of a break in
he M31 stellar halo profile suggests that its accreted satellites have
 wide range of apocentres, o v er a more prolonged accretion history.

Through surv e ys such as SPLASH (Spectroscopic and Photomet- 
ic Landscape of Andromeda’s Stellar Halo, using the DEIMOS 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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nstrument on the Keck II telescope; Dorman et al. 2012 ) and
AndAS (The Pan-Andromeda Archaeological Survey, collected
ith the MegaCam wide-field camera the Canada France Hawaii
elescope; McConnachie et al. 2009 ), photometry and spectroscopy
f individually resolved stars in the disc and halo of M31 have been
btained. Despite the low surface brightness of M31 beyond the disc,
ts stellar halo can be investigated using discrete tracers. Globular
lusters have been successful in tracing the outer halo ( > 50 kpc)
ubstructures (e.g. Mackey et al. 2010 ; Veljanoski et al. 2014 ) while
lanetary nebulae have been used in investigating the inner parts of
he halo (e.g. Bhattacharya et al. 2019a ). 

One path to understanding the history of a galaxy is by looking at
ts present-day dark matter distribution and characterizing the phase-
pace distribution of stars in its stellar halo. Under the assumption
f dynamical equilibrium, the two are directly connected. In reality,
he equilibrium assumption is likely only approximate (e.g. due to
ecent interactions with other galaxies), but none the less very useful.
lenty of studies have made use of this assumption to extract mass
rofiles of galaxies (e.g. Thomas et al. 2007 ; Das et al. 2011 ; Piffl
t al. 2014 ; Portail et al. 2017 ; Vasiliev 2019b ; Jin et al. 2020 ; Zhu
t al. 2023 ). 

One approach to specifying dynamical equilibrium models is
hrough distribution functions (DFs). The DF can be interpreted as the
robability of finding a star in an infinitesimally small phase-space
olume. The DF stores, in a single functional form, information
bout a wide range of properties, such as radial profiles of density,
attening, rotation, and velocity anisotropy of a stellar system. We
an most simply construct DFs through functions of constants of
otion (Jeans 1915 ). There are clear advantages in taking these

onstants of motion to be the actions. 
The angle-action variables ( θ, J ), are obtained through a canonical

ransformation of the ( x, v ) coordinates. Working with these variables
as many advantages: actions are smooth functions which makes
hem more straightforward to work with in mathematical models.
hey are adiabatically invariant, making them natural variables to
se for perturbation theory. Furthermore, the actions, J , have a
traightforward interpretation: the radial action J r measures the
ccentricity of an orbit, the vertical action J z describes the wandering
eyond the galactic plane, while the azimuthal action J φ quantifies
he degree of prograde or retrograde motion (Binney & Tremaine
987 ). 
Furthermore, while it is true that galaxies are not systems that

re in a steady state, action-based DFs are still good tools to use to
et the general dynamical picture and properties of a galaxy. Using
ctions as the arguments of these DFs is better than relying solely
n positions and velocities, because the action variables capture the
undamental integrals of motion that govern the long-term evolution
f stellar systems. Actions should be invariable to adiabatic changes
n the potential, and it makes them a good starting point for applying
erturbation theory if we want to study the non-equilibrium effects in
reater detail. This level of detail is attainable for the MW thanks to
he Gaia and its 6D phase-space information. Ho we v er, for e xternal
alaxies, this level is not currently achie v able. Therefore, the DFs
rovide valuable first approximations to the long-term dynamical
volution of galaxies and their properties. 

Double power-law action-based DFs are flexible and versatile in
odelling stellar haloes of galaxies, allowing the model to capture

arying behaviour of the stellar halo at small and large radii. These
Fs have already been proven to fit a wide range of observed
roperties in the MW (e.g. Piffl et al. 2014 ; Das & Binney 2016 ;
as, Williams & Binney 2016 ; Hattori, Valluri & Vasiliev 2021 ), but

n this work, we investigate their suitability for M31-like haloes. In
NRAS 533, 4393–4409 (2024) 
his paper, we fit the double power-law, action-based DFs to M31-
ike stellar haloes from the Auriga simulations (Grand et al. 2017 ).
his will both allow us to test the appropriateness of double power-

aw DFs as a description for M31-like haloes, and the ability of
he model, in the context of the dynamical equilibrium assumption,
o reco v er the total mass profile and dark matter content. We will
lso use the simulations to investigate the connection between the
ccretion history and the velocity anisotropy profiles. 

This paper is organized as follows: in Section 2 , we present the
quilibrium dynamical model and the Bayesian-fitting pipeline. In
ection 3 , we test the pipeline on a mock galaxy. In Section 4 , we
pply the pipeline to three M31-like Auriga haloes. We interpret and
iscuss our findings in Section 5 , and conclude in Section 6 . 

 A  DY NA M I C A L  EQUI LI BRI UM  M O D E L  F O R  

H E  STELLAR  H A L O  

n this section, we present the gravitational potential and double
ower-law action-based DF that will be used to model the stellar halo
f M31, and the procedure used to fit for their parameters. The model
s implemented using the Agama package (Vasiliev 2019a ). Agama
action-based galaxy modelling architecture) is a software library
hat provides tools for galaxy modelling. The package contains

athematical routines and frameworks for constructing models
hrough: gravitational potential objects, transformation between
osition/velocity to angle/action space, DF objects expressed in terms
f actions, etc. 

.1 The gravitational potential 

he gravitational potential is assumed to be an oblate axisymmetric
omposite potential comprising a bulge, disc, and dark matter halo.
ensity profiles are defined for each of these components from which

he potential is computed through the Poisson equation. The density
f the disc is given by 

d ( R, z) = � 0 , d exp 

[
−
(

R 

R d 

) 1 
n d 
]

× 1 

2 h 

exp 

(
−| z 

h 

| 
)

, (1) 

here R = 

√ 

x 2 + y 2 with ( x , y ) the Cartesian coordinates of the
tar in the plane of the disc, � 0 , d is the surface density (but can be
pecified through the total mass of the component), R d is the scale
adius, h is the scale height of the disc (i.e. a measure of the vertical
xtension), and n d is the S ́ersic index. 

The density for the bulge is obtained through the (deprojected)
 ́ersic surface density distribution: 

 b ( R) = � 0 , b exp 

[
−b n 

(
R 

R b 

) 1 
n b 
]
, (2) 

ith R b being the bulge scale radius and b n ≈ 2 n b − 1 / 3, where n b 
s the S ́ersic index. R is as above, � 0 , b is the surface density, and R b 

s the scale radius. 
Finally, we have chosen an NFW profile (Navarro, Frenk & White

997 ) for the dark matter density profile: 

dm 

( R, z) = 

ρ0 , dm 

r 
R s 

(
1 + 

r 
R s 

)2 , (3) 

ith ρ0 , dm 

the normalization density and R s the scale radius. The
adius r = 

√ 

x 2 + y 2 + ( z/q) 2 = 

√ 

R 

2 + ( z/q) 2 takes into account
he flattening of the halo through the q parameter, which measures the
attening of the halo along the z-direction. Therefore, the assumed
M halo is oblate axisymmetric. As potentials are additive, the total
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otential of the galaxy is the sum of the potentials generated by the
ndividual components, 

 ( R, z) = � d ( R, z) + � b ( R, z) + � DM 

( R, z) , (4) 

here � d ( R, z) , � b ( R, z) , and � DM 

( R, z) are the potentials of the
isc, bulge, and DM halo, respectively. 

.2 The stellar halo DF 

o model the action-space distribution of stars in the stellar halo, we
se a generalization of the DF proposed by Posti et al. ( 2015 ) for
pheroidal galactic components. Similar DFs have been introduced 
y Williams & Evans ( 2015a , b ). This generalized DF has been
mplemented in Agama and has the following functional form: 

 ( J ) = 

M 0 

(2 πJ 0 ) 3 

[
1 + 

J 0 

h ( J ) 

]α[
1 + 

g( J ) 
J 0 

]( α−β) (
1 + χ tanh 

J φ

J φ, 0 

)
, 

here g( J ) = g r J r + g z J z + (3 − g r − g z ) 
∣∣J φ∣∣ , 

nd h ( J ) = h r J r + h z J z + (3 − h r − h z ) 
∣∣J φ∣∣ . (5) 

 0 is a normalization parameter with units of mass (which differs
rom the total mass of the component), α is the power-law index 
ontrolling the behaviour of the inner stellar halo, while β controls the
ehaviour of the outer stellar halo. J 0 is the scale action characterizing 
he break between the inner and outer stellar halo. The g and h
oefficients are linear combinations of the actions. They have the 
 v erall effect of controlling the flattening and anisotropy of the
ensity and velocity ellipsoids; h ( J ) controls the inner stellar halo,
hile g( J ) the outer stellar halo. Finally, χ and J φ, 0 control the

ontribution of rotation to the stellar halo component. 

.3 Bayesian fitting of the stellar halo model 

e are interested in constraining the parameters of the dark matter 
ontribution to the gravitational potential, and the parameters of the 
tellar halo DF. The parameters defining the model are thus M = 

 α, β, J 0 , h r , g r , h z , g z , χ, ρ0 , R s , q). We will fit the model using a
ayesian approach, and therefore need to define a likelihood function 

hat returns the probability of the input data D, given the model
arameters. We define the individual likelihood � i of each star i at
ts observed phase-space coordinates as the value of the DF at that
oint, normalized by the total mass of the stellar halo component in
he specified model ( N ): 

 i ( J ) = 

f ( J ) 
N 

. (6) 

hus the total likelihood of the model, L = P ( D| M ), is 

 = 

∏ 

i 

� i ⇒ log L = 

∑ 

i 

log �i = 

∑ 

i 

log 
f ( J i ) 
N 

, (7) 

here the sum is o v er all the stars in the data set. 
According to Bayes’ law, the posterior probability is given by 

 ( M | D) = 

P ( D| M ) P ( M ) 

P ( D ) 
, (8) 

here P ( D| M ) is the likelihood (i.e. L from equation 7 ), P ( M ) is
he prior, and P ( D) is the evidence. The parameters we fitted for and
heir prior conditions are stated below. If the conditions are satisfied
he prior is 1, otherwise it is 0. 

(i) 0 < α ≤ 3 
(ii) β ≥ 3 
(iii) J 0 > 0 
(iv) h r > 0, h z > 0, and 3 − h r − h z > 0 
(v) g r > 0, g z > 0, and 3 − g r − g z > 0 
(vi) −1 ≤ χ ≤ 1 
(vii) ρ0 > 0 
(viii) R s > 0 
(ix) 0 ≤ q ≤ 1 

The evidence inte gral giv es the probability of the data and is
sually difficult to compute: 

 ( D) = 

∫ 
P ( D, M )d M . (9) 

iven a survey, it would return the probability of all stars being part
f that surv e y. In our case, since all the data points are part of the
ata set, we can leave out the integral as it will only shift up or down
he log-posterior distribution by the same value. 

The log-posterior distribution is explored using Markov chain 
onte Carlo (MCMC) sampling via the EMCEEPYTHON package, 
hich uses the MCMC–Hammer algorithm (F oreman-Macke y et al. 
013 ). MCMC generates samples from the posterior distribution 
e are interested in. The method relies on constructing a Markov

hain for which each subsequent state in the chain is determined
hrough the probability of transition from the previous step to the
urrent state. Our desired posterior probability distribution is then 
he stationary distribution of the Markov chain. If this stationary 
istribution exists, it should be achieved after running the MCMC
ampler for a large enough number of steps. The samples generated
efore the convergence should be ignored (this is called the burn-in)
nd the rest of the samples can then be considered as representative
f the stationary distribution. 

 TEST  O N  M O C K  DATA  

s a first test, we apply our method to a mock stellar halo data set.
e describe the construction of the mock data set in Section 3.1 . In

he following subsections, we discuss the application of our model 
o this mock data set. 

.1 The mock model 

t the core of the mock model lies the total gravitational potential
f the mock galaxy and a DF for the stellar halo, as described in
ection 2 . The parameters specifying the mock galaxy’s gravitational 
otential and stellar halo DF can be found in Table 1 . The parameter
alues of the densities are based on the Tamm et al. ( 2012 ) mass
odel of M31, with some modification (e.g. we included a scale

eight for the disc and used slightly different functional forms for
he potentials). For the DF, we have chosen MW-like values from
as & Binney ( 2016 ) and Das et al. ( 2016 ). 
The resulting total density profile of the mock galaxy can be

een in Fig. 1 (a) (the red, dashed line). This corresponds to the
otal gravitational potential arising from all the galactic components 
bulge, disc, and DM halo). The o v erall profile is described by an
approximately) single power law. The red, dashed line in Fig. 2 (a)
hows the DM halo density profile of the mock model, which follows
n NFW profile (Navarro et al. 1997 ). 

We sampled n stars = 15 000 stars from the galaxy model to create
he mock data set ( x , v ). In future work, we plan to apply this

ethod to real M31 data, and therefore sample a number of stars
omparable to the number of stellar halo samples (e.g. observed with
he PAndAS surv e y). The sampling is done in Agama through an
daptive rejection sampling method, which generates N stars ( x i , v i ) 
MNRAS 533, 4393–4409 (2024) 
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M

Table 1. In the third column, we show the parameters of the gravitational potential and DF used to create the mock data sets. The parameter values of the 
bulge, disc, and DM halo potentials are based on the Tamm et al. ( 2012 ) M31 mass model (with some modifications). The parameters for the DF are taken to be 
MW-like values from Das & Binney ( 2016 ) and Das et al. ( 2016 ). The last column shows the best-fitting values (and associated 68 per cent confidence intervals) 
of the reco v ered parameters by our dynamical model. An asterisk ‘ ∗’ indicates that the parameter has been fixed prior to the run. 

Component Parameter Value mock Value best fit 

DM halo potential 
ρ0 , DM 

R s 

1 . 1 E + 7 M �/ kpc 3 

17 kpc 
0 . 73E + 7 + 9 . 65E + 5 

−9 . 01E + 5 M �/ kpc 3 

20 . 3 + 1 . 38 
−1 . 22 kpc 

Bulge potential 

M bulge 

R b 

n b 
q b 

3 . 1E + 10 M �
1 . 155 kpc 

2 . 7 
0 . 72 

3 . 09E + 10 + 4 . 87E + 8 
−4 . 66E + 8 M �

1 . 155 ∗ kpc 
2 . 7 ∗
0 . 72 ∗

Disc potential 

M disk 

R d 

h 

n d 

5 . 6E + 10 M �
2 . 57 kpc 
0 . 4 kpc 

1 . 2 

7 . 03E + 10 + 3 . 28E + 9 
−3 . 22E + 9 M �

2 . 57 ∗ kpc 
0 . 4 ∗ kpc 

1 . 2 ∗

Stellar halo DF 

M 0 

α

β

J 0 
h r 
h z 
g r 
g z 
χ

J 0 ,φ

1 
2 . 5 
5 . 5 

8000 kpc km s −1 

0 . 75 
1 . 7 

0 . 88 
1 . 1 
0 . 5 
1 

1 ∗
2 . 5 + 0 . 01 

−0 . 01 

5 . 63 + 0 . 24 
−0 . 21 

8440 . 93 + 998 . 68 
−854 . 43 kpc km s −1 

0 . 76 + 0 . 01 
−0 . 01 

1 . 68 + 0 . 01 
−0 . 1 

0 . 87 + 0 . 02 
−0 . 02 

1 . 09 + 0 . 03 
−0 . 03 

0 . 5 + 0 . 01 
−0 . 01 
1 ∗
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uch that their density at a point x is proportional to the value of the
F at that point (see the extended Agama documentation; Vasiliev
018 ) for the detailed sampling procedure description. 
Next, we run the fitting procedure with the mock data set. The

arameters specifying the model (i.e. the parameters we want to
eco v er) are ( α, β, J 0 , h r , h z , g r , g z , χ, ρ0 , R s , q, M bulge , M disc ). As
e are focusing on understanding the DM halo and stellar halo DF,
e have chosen two free parameters only ( M bulge and M disk ) for the

nner gravitational potential. 
We ran EMCEE for 30 000 steps with 26 w alk ers for a mock

ata set on 16 cores, which took ≈ 36 h to run. The number of
 alk ers chosen is the minimum number required to ensure their

inear independence, which is suggested to be twice the number of
he parameters of the model. To visualize the results of the MCMC
nalysis, we use the PYTHON package CORNER.PY . The diagonal plots
how the distributions of each of the model parameters marginalized
 v er all other parameters, while the off-diagonal plots show joint
istributions of pairs of parameters, marginalized o v er the remaining
arameters. Fig. 3 shows the corner plot of the samples generated
n our EMCEE chains. A summary of the best-fitting parameters
nd associated confidence intervals can be found in Table 1 . As
xpected, the best-fitting parameters lie within the 1 σ confidence
ntervals 65 per cent of the time and, within 2 σ , 95 per cent of the
ime. Furthermore, discrepancies between the true and best-fitting
alues come also from the fact that we are investigating a random
ample of the true underlying population. Therefore, these reco v ered
arameters are representative of the sample, not of the population.
one the less, results show a very good overall fit. 
The confidence intervals are very narrow. The sample size we use

s (relatively) large which reduces the variance in the estimates of the
odel’s parameters and can result in narrower confidence intervals.
urthermore, the use of informative priors can have the effect of
ignificantly narrowing the uncertainty in the posterior distribution,
NRAS 533, 4393–4409 (2024) 
eading to narrower confidence intervals. Moreo v er, the MCMC
lgorithm has converged quickly ( ≈ 500 steps), which can also have
he effect of narrowing the confidence intervals by providing a more
ccurate posterior determination. Last but not least, low noise on
ata impro v es the preciseness of the parameter estimates, therefore
eading to narrower confidence intervals (our mock data has no
ssociated error or noise). 

Correlations can also be seen between some parameters. J 0 
ositively correlates with β, picking out solutions with the same
umber of stars at some outer radius. There is also a strong ne gativ e
orrelation between the DM parameters R s and ρ0 , similarly because
his conserves the amount of total DM matter mass at some outer
adius. 

.2 Mass distribution 

he density profile (Fig. 1 a) reco v ered by the best-fitting model
dashed, black line, corresponding to the total mass distribution)
hows very good agreement with the true total density (red line),
ith the confidence intervals being v ery narrow. The reco v ered DM
ensity profile can be seen in Fig. 2 (a) as the black line and shows
ood agreement with the true DM density profile (red line). 
Figs 1 (b) and 2 (b) show the spherically averaged total enclosed
ass and dark matter mass profiles of the true and best-fitting models.
verall, there is a very good agreement between the true model and

he reco v ered best-fitting model, with values agreeing within the
onfidence intervals. The confidence intervals for the total enclosed
ass profiles are wider for radii r � 30 kpc. On the other hand, for

he DM enclosed mass, the confidence intervals are wider at lower
adii r � 10 kpc. 

Therefore, Figs 1 (a) and 2 (b) quantify the bias in density/mass
stimates (beyond the MCMC uncertainty) as a result of (1) assuming
quilibrium (systematic bias), (2) assuming a double power-law for
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Figure 1. Comparison between the true (dotted line) and best-fitting (con- 
tinuous line) profiles for the mock model: (a) density and (b) total enclosed 
mass profile. The 1 σ confidence intervals are shown in grey. The best-fitting 
model provides a very good fit to the true mock galaxy. 
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Figure 2. Comparison between the true (dotted line) and best-fitting (con- 
tinuous line) profiles for the mock model: (a) DM density and (b) DM total 
enclosed mass profile. The 1 σ confidence intervals are shown in grey. The 
best-fitting model provides a very good fit to the true mock galaxy. 
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he DF (systematic bias), and (3) assuming a particular distribution 
or the bulge and disc (non-systematic bias because it depends on 
he parameters assumed). There will also be a non-systematic effect 
s the sample parameters will differ from population parameters 
the fit is done for a sample of n = 15 000 stars). Given all these
ncertainties, the difference in the density estimate is still small and 
ost importantly, quantified. 

.3 The stellar halo distribution function 

.3.1 Number density 

ig. 4 shows the stellar halo density profile for the best-fitting model
nd for the true mock galaxy. The density corresponds to the zeroth
oment of the DF: 

 ( x ) = 

•
d 3 v f 

(
J ( x , v ) 

)
. (10) 

ince we are not doing self-consistent modelling, the total mass of the
tellar halo is unknown. Therefore, we set the DF mass normalization, 
rom which the total mass of the component is computed, to unity
hen modelling the stellar halo. Changing the total mass value does 
ot change the plots qualitatively, it only acts as a rescaling parameter. 
It can be seen that both the true and best-fitting density profiles
ollow a power-law distribution, with the inner slope slightly less 
teep than the outer one. Both profiles agree very well. 

.3.2 Velocity distribution 

ig. 5 shows the radial v φ velocity profile for both the best-fitting and
rue models. The fact that this component is non-zero indicates an
 v erall net rotation of the stellar halo. This agrees with the non-zero
otation fraction χ in the DF. 

Next, we e v aluate the velocity anisotropy ( β) profile. In a spherical,
alactocentric potential, the form of the β parameter is, as defined 
y Binney & Tremaine ( 1987 ), 

= 1 − ( σ 2 
θ + σ 2 

φ ) / 2 σ 2 
r , (11) 

here σθ , σφ , and σr are the velocity dispersions in a spherical
oordinate system. 

This parameter quantifies the degree of radial ( β > 0) or tangential
 β < 0) bias of stellar orbits, while β = 0 indicates isotropy. The pro-
les were computed by generating ( x , v ) samples from both the mock
ata and best-fitting models. The data have been binned in radial bins
f a given width �r , and the dispersions of each velocity component
 v r , v θ , v φ) have been computed in the corresponding bins. 
MNRAS 533, 4393–4409 (2024) 
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Figure 3. Corner plot for the EMCEE chains generated when fitting the mock galaxy sample. The red lines represent the true values from Table 1 . The titles of 
each histogram show the reco v ered value for the parameters and the associated 1 σ uncertainties. The diagonal plots show 1D histograms of each parameter, 
marginalized o v er all other parameters. The off-diagonal plots show 2D histograms demonstrating correlations for each combination of two parameters, 
marginalized o v er the remaining parameters. 
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Fig. 6 show the anisotropy profiles of both true and best-fitting
odels, which are in good agreement. It can be seen that β increases

apidly from ∼ 0 to ∼ 0 . 4 within a few kpc, and then approximately
lateaus to 0.6 in the outer halo. The stellar halo is therefore
oderately radial anisotropic throughout. 

.3.3 Stellar halo flattening 

ig. 7 compares the axial ratios of the stellar haloes. To compute the
xial ratio q, we fit ellipses to stellar halo density contours. The result-
ng axial ratio at a given elliptical radius, a = 

√ 

x 2 + y 2 + ( z/q) 2 ,
s defined by the ratio between the minor and major axis of the fitted
llipse. It can be seen that for both the true and the best-fitting stellar
alo, the axial ratio increases steeply until a ≈ 10 kpc, after which it
NRAS 533, 4393–4409 (2024) 
pproximately plateaus at q ≈ 0 . 75. This likely reflects the impact of
he disc on the stellar halo shape in the central region and the impact
f the dark matter halo further out. 

 APPLI CATI ON  TO  AU R I G A  H A L O E S  

n this section, we apply our stellar halo model to the Auriga
imulations. We first discuss the simulations and then present the
ts to three of the Auriga haloes. 

.1 The Auriga simulations 

he Auriga simulations are a suite of 30 high-resolution magne-
ohydrodynamical zoom-in cosmological simulations in a � CDM
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Figure 4. Comparison between the true (continuous line) and best-fitting 
(dotted line) profiles for the mock model’s stellar halo density (with total 
mass normalized to unity) profile. The two show very good agreement. 

Figure 5. Comparison of average v φ (in cylindrical coordinates) versus 
radius. It can be seen that the stellar halo has an o v erall net rotation. 

Figure 6. The spherical anisotropy parameter β against radius. 

Figure 7. Comparison between the true (red line) and best-fitting (dotted, 
black line) profiles for the mock model’s stellar halo flattening versus elliptical 
radius. 

Table 2. Table of parameters of the investigated Auriga haloes. The columns 
are: (1) halo name, (2) virial mass, (3) virial radius, (4) stellar mass, and (5) 
number of significant progenitors which have contributed 90 per cent of the 
accreted stellar mass of the stellar halo. The parameters have been taken from 

table 1 of Monachesi et al. ( 2019 ). 

Halo M vir 
(10 10 M �) 

R vir 
( kpc ) 

M ∗
(10 10 M �) 

N sp 

Au21 145.09 238.64 8.65 4 
Au23 157.53 245.27 9.80 8 
Au24 149.17 240.85 7.66 8 
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niverse. The parent haloes are selected from the dark matter- 
nly EAGLE simulation (Schaye et al. 2015 ) based on an
solation criterion at z = 0. The selected haloes are then re-
imulated at a higher resolution through the zoom-in technique 
ith the moving mesh code AREPO given an e xtensiv e galaxy

ormation model, which includes processes such as gas cooling 
nd heating, star formation, supernova feedback, and black hole 
rowth. 
Six Auriga haloes have been processed through the Au- 

iga2PAndAS pipeline (Thomas et al. 2021 ) to create PAndAS- 
ike mocks. These haloes have been selected based on their sim-
larity to the real M31 galaxy in terms of mass ranges, num-
er of well-defined structures, and having had a recent major 
erger event. In this paper, we investigate three of these haloes

haloes 21, 23, and 24). 
Not all haloes in the M31-like haloes in the Auriga simulations

ave a satellite as massive as M33, therefore we have not specifically
ested this effect in our paper. However, Lilleengen et al. ( 2023 ) have
nvestigated the effect of the Large Magellanic Cloud (LMC) on 

W’s stellar halo. They found the LMC–MW interaction introduces 
 bias in MW’s halo shape, and introduces a reflex motion in the disc.
o we ver, the enclosed mass estimated is still expected to be robust

see section 4.2 in Lilleengen et al. 2023 and section 6.2 in Koposov
t al. 2023 ). Moreo v er, M33 is significantly further from M31 than
he LMC is from the MW. The distance to M33 from M31 is o v er
50 kpc, whereas the LMC is approximately 50 kpc away from the
W. 
Details of the parameters of the investigated haloes can be found

n Table 2 . While all the haloes chosen are M31-like, we have chosen
MNRAS 533, 4393–4409 (2024) 
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Figure 8. Hexbin projections of halo 24 of the Auriga simulations in the x –y , x –z, and y –z planes. The plots show the stellar particles only ( in situ , ex situ , and 
part of subhaloes). 

Table 3. The median and 68 per cent confidence intervals of the reco v ered parameters for the three Auriga stellar haloes inv estigated. P arameters marked with 
an ‘ ∗’ have been fixed prior to the runs. 

Parameter Auriga 21 Auriga 23 Auriga 24 

R b 1 . 155 ∗ kpc 1 . 155 ∗ kpc 1 . 155 ∗ kpc 
n b 2 . 7 ∗ 2 . 7 ∗ 2 . 7 ∗
q b 0 . 72 ∗ 0 . 72 ∗ 0 . 72 ∗
R d 2 . 57 ∗kpc 2 . 57 ∗kpc 2 . 57 ∗kpc 
h 0 . 4 ∗kpc 0 . 4 ∗kpc 0 . 4 ∗kpc 
n d 1 . 2 ∗ 1 . 2 ∗ 1 . 2 ∗
M 0 1 ∗ 1 ∗ 1 ∗
J 0 ,φ 1 ∗ 1 ∗ 1 ∗

α 0 . 65 + 0 . 08 
−0 . 08 1 . 96 + 0 . 02 

−0 . 004 1 . 56 + 0 . 02 
−0 . 02 

β 3 . 00 + 0 . 01 
−0 . 01 1 . 41E + 15 + 1 . 48E + 13 

−1 . 5E + 13 3 . 22 + 0 . 04 
−0 . 04 

J 0 375 . 74 + 25 . 34 
−23 . 50 kpc km s −1 5 . 14E + 19 + 2 . 70E + 18 

−2 . 4E + 18 kpc km s −1 2818 . 61 + 136 . 77 
−126 . 57 kpc km s −1 

h r 0 . 37 + 0 . 06 
−0 . 06 0 . 78 + 0 . 001 

−0 . 03 1 . 07 + 0 . 02 
−0 . 02 

h z 2 . 46 + 0 . 08 
−0 . 08 2 . 05 + 0 . 02 

−0 . 006 1 . 90 + 0 . 02 
−0 . 02 

g r 0 . 91 + 0 . 01 
−0 . 01 0 . 72 + 0 . 08 

−0 . 03 0 . 77 + 0 . 01 
−0 . 01 

g z 1 . 19 + 0 . 01 
−0 . 01 0 . 87 + 0 . 01 

−0 . 07 1 . 46 + 0 . 01 
−0 . 01 

χ −0 . 50 + 0 . 01 
−0 . 01 −0 . 61 + 0 . 01 

−0 . 001 −0 . 48 + 0 . 01 
−0 . 01 

ρ0 5 . 77E + 6 + 8 . 31E + 5 
−7 . 57E + 5 M �/ kpc 3 2 . 12E + 7 + 2 . 49E + 6 

−4 . 11E + 6 M �/ kpc 3 1 . 45E + 7 + 1 . 33E + 6 
−1 . 26E + 6 M �/ kpc 3 

R s 23 . 56 + 1 . 36 
−1 . 20 kpc 17 . 20 + 1 . 20 

−1 . 15 kpc 18 . 24 + 0 . 73 
−0 . 67 kpc 

q 0 . 93 + 0 . 01 
−0 . 02 0 . 58 + 0 . 03 

−0 . 006 0 . 72 + 0 . 01 
−0 . 02 

M bulge 1 . 15E + 10 + 1 . 06E + 9 
−1 . 03E + 9 M � 2 . 29E + 10 + 1 . 08E + 9 

−3 . 19E + 9 M � 2 . 55E + 10 + 9 . 45E + 8 
−9 . 32E + 8 M �

M disk 6 . 46E + 10 + 3 . 64 + E + 9 
−3 . 59E + 9 M � 2 . 52E + 10 + 1 . 33E + 9 

−1 . 60E + 8 M � 1 . 01E + 10 + 2 . 18E + 9 
−2 . 12E + 9 M �
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hem to reflect different degrees of ‘busyness’, i.e. number of streams,
ubstructure, departure from axisymmetry, etc. Fig. 8 shows, for
llustration purposes, a density map projected into the x - y , x - z, and
- z planes for halo 24. The stellar content is split into in situ , accreted,
r as part of sub-haloes. In this work, we are defining the stellar halo
s the accreted stellar content. 

Next, we applied our fitting method to each of the three Auriga
aloes. The sample size for each halo is n stars = 15 000. Table 3 shows
he results with the best-fitting parameters. Parameters that were
xed prior to the runs are marked by an asterix ∗. In the following
ubsections, we present the results in more detail. 

.2 Mass distribution 

he true underlying gravitational potential for each halo is calculated
irectly from the simulation snapshot. The total gravitational poten-
NRAS 533, 4393–4409 (2024) 
ial for each halo is the sum of the potentials generated by the stars,
as, and DM. The density distribution of the spherical components
i.e. DM and stellar haloes) have been modelled using a multipole
xpansion as implemented in Agama. In this scheme, we assume
hat the potential is a sum of contributions from various multipole

oments by expressing it as the product of spherical harmonics and
n arbitrary function of radius, � ( r, θ, φ) = 

∑ 

l,m 

� l,m 

( r)Y 

m 

l ( θ, φ).
ach term’s radial dependence is described by a quintic spline defined
y a series of grid nodes spread in log r . The order of the angular
xpansion, l max , is determined by the shape of the density profile. The
ensity distributions for the flattened/discy components (i.e. gas and
n situ stars) are calculated through an azimuthal harmonic expansion.
he potential is assumed to be a sum of Fourier terms in the azimuthal
ngle, i.e. sin ( m i φ), cos ( m i φ). The coefficients of each term are
nterpolated on a 2D quintic spline in the ( R, z) plane. As before, the
rder of the angular expansion, m max is determined by the density
rofile shape. The full technical details of these implementations are
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Figure 9. Comparison between the true (continuous line) and best-fitting (dotted line) profiles for the three Auriga haloes investigating (a) total density and 
(b) total enclosed mass. Subfigure (c) shows the fractional difference between the true and best-fitting enclosed mass profiles. There is very good agreement 
between the best-fitting model and the true Auriga haloes, with the model incurring a mass error which is al w ays below 20 per cent. 
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iven in the Agama documentation (Vasiliev 2018 ). The density then 
ollows from the Poisson equation. 

Fig. 9 (a) shows the comparison between the total spherically 
veraged density profiles of the best-fitting model and the Au- 
iga haloes. They follow an approximate single power-law pro- 
le and agree well. Fig. 9 (b) compares the total true enclosed
ass profiles with the best-fitting profiles. Similarly to the density 

rofiles, due to the presence of substructure and other sources 
f anisotropy in the haloes, we spherically average within thin 
pherical shells when computing the profiles. Again the agreement is 
xcellent. 

The best-fitting DM density profiles in Fig. 10 (a) and enclosed 
M mass profiles in Fig. 10 (b) show a good o v erall fit to the true
M density and mass profiles, particularly in the outer halo regions. 
urthermore, the dynamical model reco v ers a range of axial ratios
or the DM haloes: q Au21 = 0 . 93, q Au23 = 0 . 60, and q Au24 = 0 . 72.
he higher DM halo flattening of haloes 23 and 24 could be caused
y what appears to be an ex situ disc, which would lead to a more
ignificant baryonic effect in the more central regions (see also Read
t al. 2009 ). 

.3 The stellar halo distribution function 

ere, we present the results for the fitting to the stellar halo DF. 
Fig. 11 compares the joint distribution of pairs of ( x , v ) phase-

pace coordinates. The colour-filled contours illustrate stellar halo 
hase-space distribution reco v ered by our best-fitting model, while 
he black contours show the true phase-space distribution of the 
uriga 24 halo. It can be seen that, o v erall, there is good agreement
etween the two distributions. The distribution of the density and 
elocity ellipsoids are discussed in more detail below. 
MNRAS 533, 4393–4409 (2024) 
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Figure 10. Comparison between the true (continuous line) and best-fitting (dotted line) profiles for the three Auriga haloes investigating (a) DM density and 
(b) DM enclosed mass. Subfigure (c) shows the fractional difference between the true and best-fitting DM enclosed mass profiles. The fits agree well, but it can 
be seen that the best fit departs more from the true Auriga DM haloes at lower radii. 
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.3.1 Number density 

ig. 12 shows the number density profiles for the stars in the best-
tting models and in the investigated Auriga haloes. The number
ensity profiles of the Auriga stellar haloes have been calculated by
inning the accreted stellar particles from the simulation snapshot
nto radial bins and computing the corresponding number density in
ach bin: 

n ∗( ̄r i ) = 

N ∗,i 

�V i 

, 

where �V = 

4 π

3 
( r 3 i+ 1 − r 3 i ) , 

(12) 

ith N ∗,i being the number of stars in the radial bin i with edges r i 
nd r i+ 1 . To obtain the number density for the best-fitting model, we
ampled a number of halo stars equal to the number of accreted stellar
NRAS 533, 4393–4409 (2024) 
articles in the corresponding Auriga halo snapshot and proceeded
o calculate the number density profile as described abo v e. 

It can be seen that there is very good agreement between the Auriga
nd best-fitting profiles, with both following a power-law profile with
imilar inner and outer slopes. 

.3.2 Velocity distributions 

ig. 13 compares the mean rotational velocity v φ versus radius
etween the true Auriga haloes and best-fitting models. The best-
tting v φ profile has been obtained by computing the first moment
f the DF 

¯ = 

1 

n ∗

•
d 3 v v f ( J ) , (13) 

here n ∗ is the zeroth moment of the DF. The true v̄ φ profile has
een obtained by binning the accreted Auriga stars into radial bins
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Figure 11. The colour-filled contours show the 2D distributions of the ( x , v ) phase-space of the best-fitting model for the Auriga 24 halo. The black contours 
show the same 2D distrib utions b ut for the Auriga 24 stellar halo stars. The contours have been created with a sample of 10 000 stars for both the model and the 
Auriga halo. 
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nd computing the average v φ in each bin. It can be seen that for both
he true Auriga stellar haloes, and reco v ered best-fitting models, there 
s a net rotation of the component. While the equilibrium best-fitting
odel predicts a smooth profile, the undulations in the true Auriga 24

rofile are likely to be related to substructure and the number of stars
er bin. Stellar haloes 23 and 24 show a much larger net rotational
elocity ( ̄v φ ≈ 140 km s −1 ) in the inner regions compared to halo 21
 ̄v φ ≈ 80 km s −1 ). Furthermore, halo 21 shows a sharp increase in ro-
ational velocity at about r ≈ 100 kpc to values of ̄v φ ≈ −80 km s −1 .

.3.3 Stellar halo velocity anisotropy 

ig. 14 shows the best-fitting and true Auriga stellar haloes’ 
nisotropy profiles for all of the three investigated haloes. The 
est-fitting models predict anisotropy profiles rising sharply from 

angential to radial (asymptoting at β ≈ 0 . 5). The Auriga haloes
how the same general trend, but also display a series of tangential
ips and radial peaks in regions where the equilibrium best-fitting 
odel is smooth. These departures from the equilibrium anisotropy 

rofiles are expected to arise as a result of more recent merger events
hat have not had time to phase mix. The data-derived anisotropy
rofiles should therefore hold clues about the more recent accretion 
istory of the haloes compared to the profiles obtained through 
quilibrium modelling (i.e. the best-fitting results). The latter should 
eflect merger events further back in time. This is further discussed
n Section 5 . 

Halo 21 shows a very pronounced tangential dip between r ≈
00 and 200 kpc. This feature seems to o v erlap with the region of
MNRAS 533, 4393–4409 (2024) 



4404 P. Gherghinescu et al. 

M

Figure 12. Number density profiles of the true Auriga stellar haloes and the best-fitting models. 

Figure 13. Mean v φ against radius for all Auriga stellar haloes. Both the true stellar haloes and best-fitting models show an o v erall net, counterclockwise 
rotation. 
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igh ̄v φ velocity discussed in Section 4.3.2 . Ho we ver, this is probably
 short-lived structure, that will phase mix quickly, why it is not
eco v ered by our equilibrium model. 

.3.4 Stellar halo flattening 

ig. 15 shows the axial ratio, q, profile against elliptical radius, a, as
redicted by the best-fitting model. The profiles have been computed
n the same way as described in Section 3.3.3 . Halo 21 has a relatively
niform axial ratio of q ≈ 0 . 8 throughout, which indicates a more
pherical halo. Halo 23 appears to be more flattened throughout, with
 ≈ 0 . 2 in the inner region and uniformly increasing to q ≈ 0 . 6 in
he outer halo. Halo 24’s profile indicates a stellar halo that is also
NRAS 533, 4393–4409 (2024) 
ighly flattened, with the inner halo more flattened ( q ≈ 0 . 3) than
he outer halo ( q ≈ 0 . 5). 

The flattening of the stellar haloes could have been influenced by
ifferent factors such as the galaxy formation history and dark matter
istribution. The high flattening of stellar haloes 23 and 24 at low
adii ( q ≈ 0 . 2) can also be expected to arise due to the much larger
otational velocity in these regions v̄ φ ≈ 140 km s −1 (see Fig. 13 ).
n the other hand, halo 21 shows a much more spherical inner stellar
alo, while also displaying a lower rotational velocity in this region

¯ φ ≈ 80 km s −1 . 
We believe the high central rotational velocity and high flattening

f the haloes 23 and 24 could be due to a possible ex situ disc.
urthermore, Fig. 16 shows a disc-like structure in the haloes’ hexbin
lots. G ́omez et al. ( 2017 ) discuss such an ex situ disc for halo 24,
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Figure 14. Anisotropy profiles of the stellar haloes in Auriga. They follow a radial bias which increases with radius. Halo 21 shows a sharp tangential dip 
between r ≈ 100 and 200 kpc. 

Figure 15. Stellar halo flattening profiles of the Auriga stellar haloes as predicted by the best-fitting model. 
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ut not for halo 23. It is also interesting to note that haloes 23 and 24
lso display a more flattened DM halo (see Section 4.2 ). 

 DISCUSSION  

n this section, we discuss the suitability of action-based double 
ower-law DF to describe M31-like stellar haloes, the ability of our 
odel to reco v er the mass profiles of the galaxy (including the DM),

s well as discuss the stellar halo anisotropy profiles from a merger
istory perspective. 

.1 Double power-law DFs for M31-like stellar haloes 

n this work, we have assumed a stellar halo described by a double
ower-law DF as introduced by Posti et al. ( 2015 ). The DF predicts
 double power law in the stellar density profile, which provides an
xcellent fit to the three Auriga stellar haloes modelled here. The 
rofiles of rotation velocity and velocity anisotropy for the simulated 
tellar haloes have a number of peaks and troughs as a result of non-
hase-mixed material that has not been remo v ed. The DF, ho we ver,
redicts smooth profiles that reco v er the global structure of these
rofiles. 
.2 Reco v ery of the total and dark matter mass and density 
rofiles, and the assumption of dynamical equilibrium 

ig. 9 (c) shows the absolute fractional difference between the total
nclosed mass predicted by the best-fitting model and the true total
nclosed mass of the haloes. Even though the degree of bias between
he best-fitting and the true values varies from halo to halo, the
ystematics associated with the total mass of the haloes are below

20 per cent . 
There is a greater degree of discrepancy between the Auriga dark
atter density and enclosed dark matter mass profiles and the models, 

articularly in the inner regions. This may be a consequence of the
educed freedom in the inner region of the mass model, as we only
llow the total masses of the bulge and disc components to vary
uring the fitting rather than their shapes. From a computational 
xpense point of view and, since our goal is to focus to constrain
he outer dark matter content and the DF of the stellar halo, this is a
easonable assumption to make. 

The o v erall agreement in the total mass profiles and the DF
oment profiles suggests that dynamical equilibrium is a reasonable 

ssumption to make, even in these relatively disturbed haloes. There 
as been previous work investigating the effects of the equilibrium 

ssumption in mass modelling in stellar haloes of simulations (e.g. 
anderson, Hartke & Helmi 2017 ; Eadie, Keller & Harris 2018 ; Wang
MNRAS 533, 4393–4409 (2024) 
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Figure 16. Hexbin projections of the stellar haloes (i.e. accreted stars only) 
of the three Auriga haloes investigated in the x–y and x–z planes. A disc-like 
structure is noticeable for haloes 23 and 24. 

e  

o  

s  

c  

m  

s  

m  

s  

T  

n  

a  

e

5

O  

m  

w  

f  

c
 

c  

t  

C  

d  

a  

r  

m  

o  

b  

r

5
h

G  

w  

o  

t  

a  

a  

s
 

R  

c  

E  

d  

p  

r  

o

1  

e  

d  

t  

T  

i  

h  

c  

f  

m  

a
 

w  

c  

a  

a  

m  

e
 

c  

s  

n  

a  

i  

a  

a  

a
 

a  

1  

n  

f  

h  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/4/4393/7733924 by Liverpool John M
oores U

niversity user on 23 Septem
ber 2024
t al. 2018 ), which have overall found a possible lower boundary
f 20 per cent in the accuracy of the total mass determination using
tellar halo stars, with some haloes providing very inaccurate fits (for
ertain haloes with exceptional evolutions in Eadie et al. 2018 ). Our
ethod may have performed better than past studies as the model is

pecified in action space. Non-phase-mixed substructures from low-
ass accretion events should conserve actions and therefore still look

mooth in action space, even if they are structured in phase space.
his should result in narrower confidence intervals as there is less
oise in action space. The substructure may also not be symmetric
bout the smooth model in phase space, leading to biased mass
stimates for models in phase space. 

.3 NFW profiles for dark matter haloes of M31-like systems 

verall, the NFW profiles provide an accurate description of the dark
atter haloes of the Auriga haloes, with the exception of halo 21,
hich has a steeper inner density slope. In reality, there are different

actors that could affect the DM density profile shape, making it
uspier or more cored through various feedback mechanisms. 

In regions with high concentrations of baryonic matter, such as
entral galactic regions, the pull e x erted by the baryons can cause
he DM to be more concentrated through adiabatic contraction (e.g.
NRAS 533, 4393–4409 (2024) 
ole & Binney 2017 ), which could explain the higher inner DM
ensity in halo 21. The specific merger history of galaxies also has
n effect on the shape and density of the DM halo, as the DM will
espond to the baryonic effects introduced by the newly acquired
ass during a merger. At the same time, inaccuracies at the centre

f the model can be due to the fact that we fixed the scale radii of
oth the bulge and disc when fitting the haloes. Furthermore, the
esolution limit of the simulations could also play a role. 

.4 Anisotr opy pr ofiles of stellar haloes and their merger 
istories 

alaxy formation models predict radial anisotropy that increases
ith radius: near isotropy near the centre versus radial bias in the
utskirts (Amorisco 2017 ). Our equilibrium model does reproduce
hese results. Ho we ver, while the Auriga haloes also follow this o v er-
ll trend, their anisotropy profiles show a series of undulations. These
re expected to be correlated with the merger history of the galaxy,
pecifically with merger relics that have not fully phase mixed yet. 

Fig. 17 shows the merger trees for the investig ated Aurig a haloes.
eading the plot right to left, we go from larger lookback times (i.e.
loser to the big bang) to the present day (at t lookback = 0 , z = 0).
ach node corresponds to a halo, while the connecting lines indicate
escendants (to the left) and progenitors (to the right). The main
rogenitor is marked in pink. The colour of the nodes indicates how
adial or tangential an orbit is, while the size correlates with the mass
f the halo. 
Halo 21 shows a big tangential dip in β ranging between r ≈

00 and 190 kpc. Haloes 23 and 24 follow the general trend of the
quilibrium profile predicted by the best-fitting model, with less
ramatic dips. Fig. 17 (a) shows that halo 21 has a merger that skims
hrough the R 200 radius just after z = 0 . 7, like a skipping stone.
his could be responsible for generating the large anisotropy dip

n the outer regions of halo 21, as seen in Fig. 14 . The dip in the
alo 21 anisotropy profile is correlated with a relatively metal-rich
omponent (see Fig. 18 ), which supports the hypothesis of it coming
rom a recently accreted component. The anisotropic structure this
erger introduces is probably short-lived and should phase-mix after
 few dynamical time-scales. 

G ́omez et al. ( 2017 ) claim that the most significant progenitor
hich contributed to the ex situ disc investigated for halo 24 first

rosses the virial radius at t ≈ 8 . 6 Gyr. This can be seen in Fig. 17 (c)
s a merger that spends several Gyr spiralling around and around on
 very tangential trajectory. The stellar debris from this particular
erger is probably what created the ex situ disc examined in G ́omez

t al. ( 2017 ). 
The model is not constructed to take into account the cosmological

ontext (i.e. mergers, interactions with other galaxies, etc.) and as-
umes dynamical equilibrium. Therefore, our equilibrium model will
ot be able to reproduce these dips and structures seen in the Auriga
nisotropy profiles. Ho we ver, our dynamical model can provide
nformation about the older accretion and merger events, which have
lready phase-mixed. Furthermore, our model can provide hints of
 possible ex situ disc by examining the rotational velocity profiles
nd flattening profiles as discussed in Sections 4.3.2 and 4.3.4 . 

The models fit to haloes 21 and 23 show a greater degree of radial
nisotropy than halo 24. From the merger trees information (see Fig.
7 ), it can be seen that haloes 21 and 23 have experienced a large
umber of (major) mergers in a short span of time: ≈6.5–7.9 Gyr ago
or halo 21, and ≈9.5–11.7 Gyr ago for halo 23. Halo 24, on the other
and, shows a more spread-out distribution of major merger events
hrough time. A possible explanation for this difference is that, in
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Figur e 17. Mer ger trees of the three investigated haloes (a) Aurig a 21, (b) Aurig a 23, and (c) Aurig a 24. The plot should be read from right to left. Each node 
corresponds to a halo with the connecting lines indicating descendent to the left and progenitors to the right. The main progenitor is marked in pink. The colour 
of the nodes indicates how radial or tangential an orbit is, while the size correlates with the halo mass. The velocities are relative to the main progenitor line. 
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Figure 18. Variation of anisotropy profiles in Auriga with metallicity. 
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he case of haloes 21 and 23, the progenitors of the early massive
ergers have quickly sunk into the potential of the host at low radii

hrough the more significant effects of dynamical friction. This could
ave led to a redistribution of orbital energies and angular momenta.
n the process, stars that were initially on more tangential or random
rbits can be scattered on to more radial orbits. 

 C O N C L U S I O N S  

n this paper, we presented an action-based dynamical model de-
igned to reco v er the mass distribution, DM content, and the stellar
alo DF of M31-like haloes in the Auriga simulation suite. The aim
f this paper is to investigate the ability of the double power-law DFs
nd the equilibrium assumption to provide useful descriptions of
31-like stellar haloes that have experienced a recent major merger.
ur model assumes dynamical equilibrium and comprises a galactic
otential for the bulge, disc, and dark matter halo and an action-based
F for spherical components (based on Posti et al. 2015 ) to represent

he stellar halo. We fit for the potential and DF using (i) a mock data
et generated from the model itself and (ii) accreted stars only from
hree haloes in the Auriga simulations. 

Our best-fitting models provide a very good fit for the total mass
nd DM distribution of the Auriga haloes, while the reco v ered DFs
ro v e to be an excellent description for the investigated stellar haloes.
he total mass is reco v ered with a fractional difference with a
aximum of 20 per cent (see Fig. 9 c), while the DM halo mass

rofile shows a slightly higher fractional difference in the inner
egions, but still provides a good fit (see Fig. 10 c). This is likely
 result of the rigidity of the disc and b ulge contrib utions to the
otal mass profiles. The o v erall agreement suggests that dynamical
quilibrium is a reasonable assumption to make, even in the phase of
elatively disturbed stellar haloes. 

The anisotropy profile of the equilibrium dynamical model can
hed light on the past merger history of the galaxy. The degree of
adial anisotropy may reflect the mass ratio of early accretion events.
o we ver, our approach underscores the capture the anisotropy
rofile of the Auriga haloes, especially due to non-phase mixed
tructures (see Fig. 14 ). Therefore, to learn about the more recent
erger history, the data-derived anisotropy profiles, in particular

heir variation with metallicity may be more informative. 
In future work, we will apply the dynamical equilibrium model

o the real M31 stellar halo in order to constrain its properties and
et further insights into its unique formation pathway. Therefore,
NRAS 533, 4393–4409 (2024) 
nderstanding the systematics and shortcomings of our model will
nable us to make a more informed judgment on this future work. 
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