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Introduction
The closest large galaxies to our own Milky Way are the Andromeda 
(M31) and the Triangulum (M33). The Triangulum is believed to be a 
satellite galaxy of Andromeda, meaning it orbits Andromeda in some way. 
The nature of this orbit and their overall interaction is not precise for two 
reasons:

1. There are large uncertainties in the proper motion measurements of 
the galaxies.

2. The mass distributions of the galaxies are difficult to constrain 
precisely.

Additionally, previous studies of the M31-M33 system use data from the 
Hubble Space Telescope (2012), while new data from the Gaia satellite 
(2021) suggests different orbital properties of the system. 

We revisit the M31-M33 system in the light of the new Gaia data, 
developing new mass models for the two galaxies. We study the orbital 
history using analytic simulations, and probe for features of evolution in 
M31 as a result of the interaction, using N-body simulations.

AIMS
• Determine the historical trajectories of M31 and 

M33
• Search for structural features in M31 resulting 

from the interaction.

Image: M33, X-ray: NASA/CXC/SAO/P. Plucinsky et al.



Mass Models and Analytic Simulations
Mass Models
Our first task is to model the mass distribution of the two galaxies. Our galaxy 
models have two components:

• A dark matter halo – this is a sphere of dark matter and is the most massive 
part of the galaxy. The other components of the galaxy are within the halo.

• A stellar disc – this is the second most massive part of the galaxy and is the 
disc that we see in photos of galaxies from telescopes.

In order to determine the mass of these components, we fit the rotation curves 
of our model galaxies to the observed rotation curves. This tells us how fast 
matter in the galaxy orbits as a function of its distance from the galactic centre. 
This is shown in the plot below.

Galaxy Halo Mass ( 𝟏𝟎𝟏𝟐𝑴⨀) Disc Mass ( 𝟏𝟎𝟏𝟎𝑴⨀)

M31 1.01 10.3

M33 0.511 1.09

Figure 3: Our mass models for M31 and M33. M31 is much larger, and is believed to be 
similar in size and mass to our own Milky Way.

Analytic Orbit
We run two-body 
simulations backwards in 
time to discover the 
orbital history of the 
system. Both galaxies are 
treated as point particles 
and their sizes are 
ignored, so the 
simulations cannot 
reveal information about 
their internal structures.

Orbital History
Our simulations using data from the Gaia satellite that the galaxies have been 
at their closest distance for some period of time, and will not get any closer. 
The contrast between previous results and ours is shown in the plot above 
which compares the Hubble and Gaia results, using our new mass models. The 
Hubble plot agrees with previous results from Ekta Patel et al. (2017) and 
Tepper Garcia et al. (2021).

Figure 4: A plot showing the past separation of the two 
galaxies, using Gaia (eDR3) and Hubble (HST) data.

Figure 2: The rotation curves of the galaxies, comparing our models against the observations. 
The contribution of each components of the model to the overall rotation curve is 
demonstrated.



Probing the Evolution of Andromeda
N-body Simulations
In order to study the internal structure of M31, we need to use N-body 
simulations. Here, each galaxy is modelled as a collection of a large 
number of particles. Such simulations give detailed information about 
the structure of galaxies – for example, we can observe the formation 
of spiral arms in the galaxy as seen in Figure 5.

Figure 5: A visualisation of the disc from an initial simulation of M31 in 
isolation. On the left is the initial state of the disc, and on the right is the final. 
The spiralling of the disc is clearly visible.

Simulation Results
Our initial simulations suggest that M31 is affected significantly by the 
approach of M33. This is shown in Figure 6. This plot shows the 
development of a dipole within the dark matter halo of M31, meaning 
that the centre of mass of M31 is displaced from the centre of the 
spherical halo, in the direction of M33’s approach.

Figure 6: A plot showing the contribution of a dipole in the gravitational potential of M31’s 
halo. Without M33, there is zero overall effect. The bottom panel shows an increase in the 
dipole around 1 billion years ago.

Conclusions 
• We created new 

models of M31 
and M33, and 
found a new 
orbital history for 
the galaxies.

• We found 
significant change 
in M31’s dark 
matter as a result 
of the interaction.

Future Possibilities
• The orbital history we found is one of many possibilities. 

Analysis into the errors in the data would reveal more.
• It’s known that the disc of M31 is warped. We could use 

these simulations to determine whether M33 is the cause.
Background Image: Hubble Space Telescope M31, NASA, ESA, J. Dalcanton (University of 
Washington, USA), B. F. Williams (University of Washington, USA), L. C. Johnson (University of 
Washington, USA), the PHAT team, and R. Gendler.


