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Abstract: The state of knowledge of the properties of the Andromeda Galaxy (also known as M31)
is reviewed. The spatial structure of the Andromeda Galaxy, its main source populations, and the
properties of its gas and dust are discussed. To understand the formation history of the Andromeda
Galaxy, the critical issues of its star formation history and the gas streams and dwarf galaxies in its
surrounding environment are reviewed. Emphasis is on recent studies, with important earlier work
described in the references provided here. It is important to understand the Andromeda Galaxy
because it is the nearest large external galaxy and is close enough for high-resolution studies. This
allows the Andromeda Galaxy to be used as a template for understanding more distant and less
resolved galaxies in the universe.
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1. Introduction

Star formation histories of galaxies are critically important for understanding the
process of galaxy formation and the structure and contents of galaxies. Star formation
can and has been studied in local galaxies for which the stellar populations are resolved
and in more distant galaxies for which stars are unresolved, which are instead modeled as
populations. Structural components of a galaxy can be resolved at much larger distances.
The structural components include those long recognized, such as bulge, disk and halo.
More recently recognized structures include separation of disks into thin and thick disk
components and stellar streams, as well as recognition of significant numbers of dwarf
companion galaxies. Stellar streams are the most recently recognized components of
galaxies, mainly using observations of the Milky Way and the Andromeda Galaxy (M31).

In this overview, the properties of the Andromeda Galaxy/M31 are reviewed, includ-
ing its star formation history, which informs us on the galaxy’s formation and assembly.
A recent study [1] focussed on the star formation of 36 nearby (distance < 4 Mpc) dwarf
galaxies and concluded that local volume dwarf galaxies show evidence for synchronized
formation of stars over the past 3 Gyr. Another study [2] considered the dust emission (100-
to 500-micron wavelengths) of local group galaxies. Dust emission is used as a tracer of
star formation because young stars are the primary heating source of the dust.

We focus on M31 because it is the nearest large spiral galaxy to the Milky Way, and
it has several advantages over Milky Way studies. These include the unobscured view of
M31, enabled because of M31’s Galactic latitude (we do not need to look through the dust
of the Milky Way disk), the well-known distances to stars and other objects in M31, and the
global view of M31, which is not confused as is our inside view of the Milky Way.

M31 is also of interest because it is the most massive member of the local group, with
the Milky Way as the only other massive galaxy. Using Gaia data [3], the motion of M31
relative to the Milky Way was determined using a significantly improved method than
previously, confirming that the two massive galaxies are infalling toward their first close
encounter.

Other related properties of M31, in addition to various measures of star formation
history, are mentioned here. These are the structure of the galaxy, including bulge, disk,
halo, and stellar streams, source populations in M31, its dust and gas content, and its
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surrounding environment (stellar streams and companion dwarf galaxies). Because high
resolution- wide field ultraviolet (UV) observations have become available with GALEX [4]
and the UVIT instrument [5] on AstroSat [6], UV measures of M31’s star formation and
galaxy structure are emphasized.

M31 is a giant spiral galaxy similar to the Milky Way but with roughly twice the
mass. The galaxy’s spiral structure is clearly seen in optical images (e.g., Figure 1), as are
prominent dust lanes, especially NW of the central bulge. That the dust lanes are visible in
the NW but not in the SE is a clear indicator that the NW disk is in front of the bulge and
the SE disk is behind the bulge. This implies that the M31 rotation axis is tilted away from
the observer in the NW and toward the observer in the SE. In Figure 1, two neighboring
dwarf galaxies are also seen: NGC205 is NE of the bulge, just right of field F5, and M32 is
in field F6, just west of center of that field.
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Figure 1. The greyscale image is the DSS Poss2 blue filter image of M31. Right ascension and
declination are J2000 coordinates. The white ellipse shows the D25 ellipse for M31, from [4]. The
locations of the fields, F1 to F19, for the UVIT survey of M31 are shown by the black circles (from [7]).
Note the prominent dust lanes that are in front of the bulge on the NW side of the center of M31.

For this review of M31, the areas of study are divided into five general topics. Section 2
discusses the structure of M31, and Section 3 lists the source populations in M31. Section 4
discusses the gas and dust in M31, and Section 5 describes what we know about the star
formation history of M31. Section 6 discusses the environment of M31. By necessity,
this review is not complete but focusses on work since about 2015, with the earlier work
discussed in the provided references.
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2. Structure of M31

M31 is an SAB-type spiral galaxy (see https://ned.ipac.caltech.edu accessed on 17 May
2023) with luminosity in the V band (visible) of 3 × 1010 solar (bolometric) luminosities.
It has near-infrared luminosity of 1/3 of the V-band luminosity and far-infrared and
ultraviolet luminosities about 1/30 and 1/60 of the V-band luminosity. The visible band
image is shown in Figure 1 and is dominated by light from older stars, with some prominent
dark lanes caused by absorption by dust in the interstellar medium. The ultraviolet and
far-infrared images are shown in Figure 2 (left and right panels, respectively). Both images
are dominated by the spiral arms, but for different reasons: the hot young stars in the spiral
arms dominate the ultraviolet emission, whereas the far infrared is from the interstellar dust
around the hot stars (and heated by those hot stars). The far-infrared luminosity is larger
than the ultraviolet luminosity because most of the hot stars have significant extinction
(UV extinction range AUV ~0.5–5 mag) from surrounding dust, which converts much of
their ultraviolet luminosity into far-infrared radiation.
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Figure 2. Images of M31 at ultraviolet and infrared wavelengths. (a) The 148 nm image of M31 [8].
(b) The far-infrared 250-micron image of M31 from the Hershel SPIRE instrument [9]. The ultraviolet
and far-infrared images closely trace the spiral arms of M31. The ultraviolet and far-infrared emissions
both closely follow the spiral arms and young stars of M31.

The major structures for spiral galaxies are present in M31: the disk, the central
bulge, and the halo. The luminosity profile of M31 in near infrared (sensitive to stars
and insensitive to dust) was modeled by [10] with the above three components. The
main parameters were a disk scale length of 5.3 kpc, a bulge Sersic-function index of 2.2
and effective radius of 1 kpc, and a halo with a power-law profile with index −2.5. The
kinematics of the disk stars and gas were analyzed by [11], showing that the offset in stellar
and gas velocity increases with stellar age. They foundd that the use of a simple tilted ring
model to explain the warps in the disk is inadequate.

The bulge is known to be triaxial and has been analyzed using N-body simulations [12].
To match the bulge properties, an initial classical bulge (ICB, which is formed by violent

https://ned.ipac.caltech.edu
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relaxation early in the formation of the galaxy) with 1/3 of the total bulge mass and a
Box/Peanut (B/P) bulge with 2/3 of the total bulge mass are required. The ICB (formed
rapidly) and the B/P bulge (formed over Gyr) interact and evolve together [12]. The
structure of the bulge in ultraviolet wavelengths was analyzed by [13]. The bulge was
found to be complex with a boxy shape and found to require an eight-component model:
three Sersic-function models for the main bulge and five components for the inner bulge
and nuclear region. The asymmetry of M31′s bulge and nuclear region requires this large
number of components to model. Likely there are non-equilibrium components in the
bulge related to the ongoing accretion of dwarf galaxies and stellar streams.

At the very center of M31 (radius < 4pc), there is a nuclear stellar disk orbiting the
supermassive black hole [14]. The disk is tilted with respect to the large-scale galactic disk
and exhibits a slow precession. This suggests that the nuclear cluster was formed from
mass lost from old stars with eccentric orbits into the nuclear central region [15].

3. Source Populations in M31

M31 contains several types of sources, including point-like ones (stars and X-ray
sources) and extended ones (globular clusters, open clusters, planetary nebulae, and
supernova remnants). A number of star catalogs for M31 have been assembled (e.g., see
references in [16]). The largest is from the Panchromatic Hubble Andromeda Treasury
(PHAT), presented by [16], with 117 million stars. An ultraviolet catalog of sources in M31
was presented by [7], with ~80,000 sources, and many other catalogs for M31 can be found
at the VizieR catalog library (https://vizier.cds.unistra.fr/). Far-ultraviolet variable stars
were found by [17] using multi-epoch observations and identified with hot young stars.

373 X-ray sources and optical counterparts for half of them were studied by [18]. Half
of the counterparts are background galaxies, the other half falling into several categories,
including foreground stars, star clusters, and supernova remnants. The main problem with
identifying optical counterparts is the intrinsic faintness of the X-ray sources at optical
wavelengths. Ref. [19] identified 15 high-mass X-ray binaries and found that they are
located in regions with young stars (less than 50 Myr old). Ultraviolet counterparts for
67 X-ray sources in M31 were found by [20], with the largest population being globular
clusters. For the globular clusters, the ultraviolet emission was from blue horizontal branch
stars in the cluster, whereas the X-ray emission was from an unrelated X-ray binary in
the cluster.

The globular clusters are the oldest stellar populations and for the Andromeda
Galaxy were found to consist of three major groups [21]: (1) an inner metal-rich group
([Fe/H] > −0.4); (2) a group with intermediate metallicity (with median [Fe/H] = −1); and
(3) a metal-poor group, with [Fe/H] < −1.5. Here [Fe/H] is the log of the metal abundance
(in this case, iron) relative to that of the Sun. The metal-rich globular cluster group has kine-
matics and spatial properties like those of the disk of M31, while the two more metal-poor
cluster groups show mild prograde rotation overall.

Supernova remnants in M31 have been studied in a number of works ([8,22] and
references therein). The number of supernova remnants (180) is dominated by those dis-
covered by their optical emission lines, with 26 detected in X-rays [22]. The positions of
the supernova remnants are closely associated with the spiral arms of M31 [8]. This is not
surprising, because of the short lifetime of supernova remnants (~50,000 yr) and that 3

4 of
them are from massive star explosions, so they are expected to form in the spiral arms. For
the Milky Way, this association of spiral arms and supernova remnants is not possible to
see because of the distance uncertainties of the remnants.

Planetary nebulae are useful for tracing the structure of the young thin disk and old
thick disk of a galaxy, and their velocities can be used to trace the disk kinematics. For
M31, [23,24] found that the thin disk and thick disk in M31 are two and three times as thick
as the corresponding thin and thick disks in the Milky Way. The age–velocity dispersion
relation derived from planetary nebulae in M31 indicates that a major merger of M31 with
a satellite of 1/5 the mass of M31 took place 2.5 to 4.5 Gyr ago.

https://vizier.cds.unistra.fr/
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4. Gas and Dust in M31

The gas and dust components of M31 are significant; as with many spiral galaxies,
dark lanes in the disk are seen at optical wavelengths, which are caused by absorption
by dust (Figure 1, northwest side of the disk). The neutral interstellar medium has been
mapped in the 21 cm line of neutral hydrogen (HI). The recent work of [25] used high
spatial and spectral resolution observations to study M31, finding observationally that HI
spectra for most lines of sight are resolved into multi-component Gaussian line shapes. As
a result, they found that corrections for optically thick HI have large uncertainties. This
leads [25] to the conclusion that the opaque HI is better measured using absorption lines
than emission lines.

Far-infrared maps were analyzed by [2] to determine dust mass, temperature, and
luminosity maps for M31 and compare it to maps for M33 and the Large and Small
Magellanic Clouds. Dust temperature and surface density were found to be higher for
star-forming regions. By degrading the spatial resolution to mimic observations of more
distant galaxies, they found that the temperature is systematically overestimated and the
dust mass underestimated for the more distant galaxies. The effect is ~2 K overestimate in
dust temperature for clumpy galaxies like SMC, LMC, or M33 or ~1 K for smooth galaxies
like M31.

The dust distribution in the central bulge (radius < 700 pc) of M31 was mapped
by [26] using near-ultraviolet to near-infrared high-resolution imaging. The spectral energy
distribution for each pixel was fit separately, allowing inference of the radial distance of
each dust clump. The dust clumps were found to lie nearly in a plane that is roughly
face-on. For supernova remnants in M31 [27], the dust temperature and mass were derived
from fitting the near- to far-infrared spectral energy distributions. The dust surface density
in supernova remnants was found to be half that in the surrounding regions, implying dust
destruction by the supernova explosion.

Radiative transfer simulations to study the dust extinction in M31 were carried
out by [28]. They reproduced the morphology and flux density from ultraviolet to sub-
millimeter wavelengths, obtaining an attenuation curve consistent with previous estimates,
and they found that 90% of the heating of the dust is caused by evolved stellar populations.

5. Star Formation History of M31

The star formation history of M31 has been studied extensively, in large part because of
the spatial resolution attainable; a typical resolution of 1 arcsecond is 3.8 pc at the distance
of M31, and Hubble Space Telescope (HST) observations have 10 times finer resolution.
Ref. [29] carried out a color-magnitude diagram (CMD) analysis of HST-resolved stars. This
included both open clusters and field stars in part of the northeast disk of M31, with an
upper age limit of ∼300 Myr on their sample. The cluster formation efficiency was found
to vary across the disk, consistent with variations in mid-plane pressure. Models for cluster
formation efficiency better reproduced observations when the gas depletion timescale was
different for neutral hydrogen- and molecular hydrogen-dominated environments.

Ref. [30] developed the method of pixel CMD analysis to take into account partially
resolved stellar populations and to be able to study the crowded bulk and disk regions of
M31. Using seven age bins from 106 to 1010 yr, they found a smooth exponential decay in
star formation rate for the disk with a timescale of 4 Gyr and for the bulge with a 2 Gyr
timescale. Ref. [31] derived ages, masses, and extinctions for 1363 star clusters in M31
observed with HST. They found that the mass function of clusters is compatible with
mass functions found in other spiral galaxies, and it follows a Schecter function with a
characteristic mass of 105 Solar masses. Ref. [32] measured the star formation history using
HST observations of the northeast disk of M31. They fit CMDs to a large number of small
regions (0.3 kpc by 1.4 kpc) and found that most stars formed prior to 8 Gyr ago, followed
by a relatively quiet period until 4 Gyr ago, then with another star formation episode 2 Gyr
ago, followed by recent quiescence.
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The star formation history of the bulge of M31 was studied by [33] using HST CMDs.
They found that more than 70 percent of the stars in the bulge are old (>5 Gyr) and metal-
rich ([Fe/H]~0.3). At about 1 Gyr ago, there was a significant rise in star formation over
the entire bulge region. For the central 130 arcsec (400 pc), there was an additional star
formation episode less than 500 Myr old. Ref. [34] derived stellar population properties
using Lick/IDS absorption line indices. The classical central bulge (<100 arcsec) was found
to be old (11–13 Gyr) and metal-rich ([Fe/H]~0.3). The bar (extending out to 600 arcsec) is
distinct in metallicity with near solar metallicity. The boxy-peanut component of the bulge
also has near solar metallicity. The mass-to-light ratio of the above three components is
the same, at 4.5 solar mass per solar luminosity. The disk of M31 (800 to 1600 arcsec from
center) includes a mixture of ages, with the youngest at ~3–4 Gyr and with a mass-to-light
ratio of 3 solar mass per solar luminosity.

Star formation studies of the bulge and disk were carried out using far-ultraviolet
observations from the UVIT instrument with the method of spectral energy distribution
fitting. Ultraviolet observations are particularly sensitive to the youngest (hottest) stars.
Ref. [35] used total-light photometry to verify the result from [33] that the innermost bulge
(100 arcsec) has a young stellar component of age ~100 Myr and a more recent star formation
peak. The bulge was found to have a dominant old (10–12 Gyr) metal-rich ([Z/H]~0.3)
population and a younger (600 Myr) solar abundance ([Z/H]~0) population throughout. For
the innermost 120 arcsec, a very young (25 Myr) metal-poor ([Z/H]~−0.7) population was
found. For the disk of M31 [36], 239 clusters in the northeast disk and bulge were modeled
to measure ages, masses, metallicities, and extinctions. Cluster measurements are generally
more sensitive to young populations than total light because the total light is diluted by the
older field stars. Figure 3 (left panel) shows the locations of the clusters, with their ages
indicated by the symbol size and color. Figure 3 (right panel) shows the ages of the clusters
vs. their deprojected distance from the center of M31. The bulge has the oldest clusters, and
the disk contains a mixture of two main age groups: one about 200 Myr old and a second
about 4 Myr old. Both sets of clusters are associated with the spiral arms, and Figure 3a
shows the younger clusters are more closely associated with the brightest parts of the arms.
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deprojected distance from the center of M31 (blue symbols with error bars). The red dashed line
shows the mean value for each bin. There are two distinct sets of cluster ages seen for R > 0.3◦.
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6. Surrounding Environment of M31

The standard picture of galaxy formation in an expanding universe includes a number
of aspects, including the growth of density fluctuations in the presence of dark matter
haloes. The scale and strength of the density fluctuations are derived from measurements
of cosmic microwave background inhomogeneities. The density fluctuations result in the
formation of the first mass concentrations and the first stars. The continued growth of the
amplitude of density fluctuations results in the formation of the filamentary cosmic web,
followed by the formation of large mass concentrations and galaxies at the intersection
of filaments. Galaxies continue to grow as matter flows along the filaments onto the
mass concentrations.

Various processes related to the growth and assembly of M31 have been studied by
observing the surrounding environment of the galaxy. Here, recent work is summarized.
Ref. [37] fits red giant branch stars in color-magnitude space to study M31′s giant stellar
stream and streams C and D. These streams are extended structures that are adjacent to
M31 and are located on its southeast side. They are illustrated in Figure 3 of [37]. The
metallicity of the stars for the giant stellar stream increases from −0.7 to −0.2 outward with
distance from M31. Ref. [38] used data from the Pan-Andromeda Archaeological Survey,
which covers more than 400 degree2. They found that the 13 most distinctive substructures
were produced by at least five different accretion events, all in the last 3 or 4 Gyr. The
OPTICS clustering algorithm was used to quantify the hierarchical structure of M31’s stellar
halo and identify three new faint structures. The newer work by [39], using spectroscopy,
did not confirm a metallicity gradient measured by [α/Fe] in the giant stellar stream but
found a high [α/Fe] in the outer disk of M31, which is characteristic of rapid star formation
induced by a major merger.

Simulations of M31 were carried out by [40] to explain recent observations that im-
ply the disk was shaped by significant events 2–4 Gyr ago. The simulations lead to the
conclusion that most of the halo substructure and complexity in the inner part of M31 can
be caused by a single major interaction, for which the interacting galaxy has now merged
with M31.

The circumgalactic medium (CGM) of M31 was studied by [41] using absorption line
spectroscopy for 43 sightlines to background QSOs with impact parameters ranging from
25 to 570 kpc. The covering factor of Si III and O VI absorption lines was found to be near
unity, showing that M31 has an extended ionized CGM (T~104–105.5 K). The Milky Way
likely has a similarly extended CGM, which extends far enough to overlap that of M31.

This review ends with a discussion of the satellite system of M31. The mass, metallicity,
and velocity dispersion for 256 stars in five dwarf spheroidal satellites were derived from
Keck spectroscopy by [42]. They showed that M31 and Milky Way satellites obey the
same relation between mass and metallicity. The M31 dwarf spheroidal galaxies are more
metal-poor than the giant stellar stream or the smooth inner halo [39,43]. This is consistent
with the inner halo being the surviving remnants of more massive satellites that merged
with M31 early in its history.

The missing satellites problem was studied using cosmological hydrodynamic models
by [44]. At a fixed host mass of 1012 solar masses, the simulations found a wide range of
numbers of satellites. The number of satellites accreted was larger than the number of
surviving satellites by a factor of 4–5; thus, they found that there is no missing satellites
problem. The satellites in the local group are known to be located to within ~30 degrees
of a plane. Ref. [45] carried out cosmological simulations for Milky Way mass and M31
mass hosts to estimate the frequency of satellite positions that are near to a plane. They
concluded that the coincidence of satellites lying near a plane is high enough that there is
no plane-of-satellites problem.

7. Summary

In this review, the state of knowledge of the Andromeda Galaxy (M31) has been
discussed, including its structure, source populations, gas and dust contents, star formation
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history, and surrounding environment. An understanding of M31 is important because
it is the nearest large galaxy to us, outside the Milky Way, and is amenable to detailed
studies, which allow it to be used as a template for understanding more distant and
difficult-to-observe galaxies in the universe.
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Stanimirović, S.; et al. A lack of constraints on the cold opaque H I mass: H I spectra in M31 and M33 prefer multicomponent
models over a single cold opaque component. Mon. Not. R. Astron. Soc. 2021, 504, 1801–1824. [CrossRef]

26. Dong, H.; Li, Z.; Wang, Q.; Lauer, T.R.; Olsen, K.A.G.; Saha, A.; Dalcanton, J.J.; Groves, B.A. High-resolution mapping of dust via
extinction in the M31 bulge. Mon. Not. R. Astron. Soc. 2016, 459, 2262–2273. [CrossRef]

27. Wang, Y.; Jiang, B.; Li, J.; Zhao, H.; Ren, Y. The Dust Mass of Supernova Remnants in M31. Astron. J. 2022, 163, 60. [CrossRef]
28. Viaene, S.; Baes, M.; Tamm, A.; Tempel, E.; Bendo, G.; Blommaert, J.A.D.L.; Boquien, M.; Boselli, A.; Camps, P.; Cooray, A.; et al.

The Herschel Exploitation of Local Galaxy Andromeda (HELGA). VII. A SKIRT radiative transfer model and insights on dust
heating. Astron. Astrophys. 2017, 599, A64. [CrossRef]

29. Johnson, L.; Seth, A.; Dalcanton, J. Panchromatic Hubble Andromeda Treasury. XVI. Star Cluster Formation Efficiency and the
Clustered Fraction of Young Stars. Astrophys. J. 2016, 827, 33. [CrossRef]

30. Conroy, C.; van Dokkum, P. Pixel Color Magnitude Diagrams for Semi-resolved Stellar Populations: The Star Formation History
of Regions within the Disk and Bulge of M31. Astrophys. J. 2016, 827, 9. [CrossRef]
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