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Abstract

Mergers of and interactions between galaxies imprint a wide diversity of morphological, dynamical, and chemical
characteristics in stellar halos and tidal streams. Measuring these characteristics elucidates aspects of the
progenitors of the galaxies we observe today. The M81 group is the perfect galaxy group to understand the past,
present, and future of a group of galaxies in the process of merging. Here, we measure the end of star formation
(t90) and metallicity ([M/H]) of the stellar halo of M82 and the eastern tidal stream of NGC 3077 to: (1) test the
idea that M82 possesses a genuine stellar halo, formed before any interaction with M81; (2) determine if
NGC 3077ʼs tidal disruption is related to the star formation history in its tails; and (3) create a timeline of the
assembly history of the central trio in the M81 group. We argue that M82 possesses a genuine, metal-poor
([M/H]∼−1.62 dex) stellar halo, formed from the merger of a small satellite galaxy roughly 6.6 Gyr ago. We also
find that the stars present in NGC 3077ʼs tails formed before tidal disruption with M81, and possess a roughly
uniform metallicity as shown in S. Okamoto et al., implying that NGC 3077ʼs progenitor had significant population
gradients. Finally, we present a timeline of the central trio’s merger/interaction history.

Unified Astronomy Thesaurus concepts: Galaxy stellar halos (598); Galaxy formation (595); Galaxy evolution
(594); Tidal tails (1701); Stellar populations (1622)

1. Introduction

The interactions between and eventual merging of galaxies
fundamentally changes their structure and composition (A. Toomre
& J. Toomre 1972; S. D. M. White & M. J. Rees 1978;
J. S. Bullock & K. V. Johnston 2005). Many factors shape the
effects of these dramatic events, but the mass of the interacting/
merging galaxies as well as the time since the event are two of the
most critical. Strong interactions tidally disrupt the less massive of
the interacting pair, affecting the star formation activity and altering
stellar population gradients along the tidal tails (e.g., S. Taibi et al.
2022). Large mergers disrupt disks and bring in material that fuels
star formation and black hole growth (G. Toth & J. P. Ostri-
ker 1992; T. Di Matteo et al. 2005; D. Sotillo-Ramos et al. 2022),
and while less common than mergers at early times, recent mergers
(within the last ∼9Gyr) have the most substantial consequences
for galactic morphology (D. Sotillo-Ramos et al. 2022).

Our main observational probes of this hierarchical growth
are the accreted stars that are tidally stripped from the satellite
galaxies. The early stages of tidal disruption result in tidal
streams: measurements of their properties are sensitive to the

orbit and progenitor properties (e.g., M. A. Fardal et al. 2007;
D. R. Law & S. R. Majewski 2010). This material eventually
phase mixes into a stellar halo in which the contribution from
individual satellites is more difficult to distinguish. The vast
majority of a stellar halo’s mass is accreted in a single event,
or a “most dominant” merger (A. J. Deason et al. 2016;
R. D’Souza & E. F. Bell 2018a; A. Monachesi et al. 2019).
This makes the mass, metallicity, and star formation history
(SFH) of the stellar populations deposited in tidal streams and
stellar halos the most effective probe into the history of a
galaxy, existing as a “fossil record” of a galaxy’s interaction
and merger history.
Tidal streams and accreted stars have illuminated the

hierarchical growth history of the Milky Way (MW) and
M31. The MW has many known stellar streams, from both
disrupting satellite galaxies and star clusters (e.g., N. Shipp
et al. 2018). The MW’s most massive recent accretions are the
Magellanic Clouds; orbital modeling and the HI-rich Magella-
nic Stream (M. E. Putman et al. 1998; D. L. Nidever et al.
2010) suggest that they fell in as a group, along with a number
of smaller dwarf satellites (N. Kallivayalil et al. 2013; E. Patel
et al. 2020). The ongoing disruption of the Sagittarius Dwarf
Spheroidal has given rise to huge tidal streams that wrap
entirely around the MW (R. A. Ibata et al. 1997; S. R. Majew-
ski et al. 2003). In addition to providing information about the
potential of the MW (D. R. Law & S. R. Majewski 2010),
stellar population gradients along the stream inform our
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understanding of the progenitor galaxy and the tidal disruption
process (e.g., S. C. Keller et al. 2010; C. R. Hayes et al. 2020;
E. C. Cunningham et al. 2024). Yet, the bulk of our stellar halo
is debris from the MW’s most massive ancient accretion, the
Gaia Sausage-Enceladus (GSE) event (e.g., V. Belokurov et al.
2018; M. Haywood et al. 2018; A. Helmi et al. 2018); this
event happened around ∼9 Gyr ago, as evidenced by a shutoff
in star formation of GSE stars at that time (C. Gallart et al.
2019).

In contrast, the tidal streams around and stellar halo of M31
are much more massive and prominent than those of the MW.
The Giant Stellar Stream has an order of magnitude more mass
than the Sagittarius Stream, and is associated with several
shells discernible in velocity–position space (e.g., R. Ibata et al.
2001; M. A. Fardal et al. 2007; A. Dey et al. 2023). The Giant
Stream has a considerable population of intermediate-aged stars
(T. M. Brown et al. 2006), and possesses significant population
gradients (e.g., I. Escala et al. 2021). Several models for the
stream have been proposed—all models agree that the stream
was produced relatively recently in the last 2–3 Gyr, but a
range of stellar masses from M* = 109–2× 1010Me have been
proposed (M. A. Fardal et al. 2007; F. Hammer et al. 2018;
R. D’Souza & E. F. Bell 2018a; S. Milošević et al. 2022). M33
is M31ʼs most massive satellite, and appears to have a tidally
distorted stellar and gas envelope (A. W. McConnachie et al.
2009) and possibly a stellar halo (K. M. Gilbert et al. 2022;
A. Smercina et al. 2023). M31ʼs stellar halo is massive and
metal-rich (10–20× the MW halo’s mass, and ∼5× its
metallicity; R. A. Ibata et al. 2014), and has a significant

intermediate-aged population (T. M. Brown et al. 2006, 2008).
These halo properties are thought to reflect a dominant merger
happening ∼2–3 Gyr ago (R. D’Souza & E. F. Bell 2018a),
which is thought to have thickened M31ʼs stellar disk and
triggered a galaxywide starburst (B. F. Williams et al. 2017;
F. Hammer et al. 2018).
As ground-based detection limits get deeper, the mass,

metallicity, and star formation history of more distant global
stellar halo and tidal stream populations are readily available
for observation. The M81 group in particular is an ideal
candidate for studying how galaxies change during a massive
merger (Figure 1). Each of the central galaxies, M81, M82, and
NGC 3077, have garnered the interest of researchers for many
years, but there is a growing fascination with the rich
interaction history of these three galaxies. Widespread H I
tidal debris and unbound stellar material are direct evidence of
recent interactions (e.g., M. S. Yun 1999; W. J. G. de Blok
et al. 2018; A. Smercina et al. 2020; see also Figure 1). Some of
the denser regions of gas are actively forming stars (S. Okam-
oto et al. 2015, 2019). A. Smercina et al. (2020) predict that the
central trio of galaxies in this group will merge in the next
2 Gyr, meaning this group of galaxies is in a very transient life
stage. Studying the timescales associated with these galaxies’
interaction history therefore gives a unique look at the past,
present, and future of a massive halo in formation.
Past works on this central set of galaxies (M81, M82, and

NGC 3077) found the distribution of different evolutionary
stages of stars (S. Okamoto et al. 2015), characteristics of
young stellar systems (S. Okamoto et al. 2019), and new dwarf

Figure 1. An introduction to the M81 Group environment and the different views of its triple interaction. Left: A three-color image of the M81 group taken from
A. Smercina et al. (2020) showing the density of individual RGB stars in the outskirts of these three galaxies. The low metallicity of M82ʼs halo and the tidally
liberated material enveloping NGC 3077 are clearly visible. Right: A map of H I (W. J. G. de Blok et al. 2018) in the M81 Group, shown in the red colormap, on the
same scale as the stellar halo. The contours of the total RGB stellar density are overlaid in white for direct comparison (6, 10, 30, 50, 80 RGB arcmin−2 calculated on a
map smoothed with a 0.65σ Gaussian kernel). Tidal streamers of diffuse H I are visible over nearly the entire stellar tidal field.
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galaxy candidates in nearby regions (E. F. Bell et al. 2022).
A. Monachesi et al. (2013, 2016) found the halo of M81 to be
relatively metal-poor ([M/H]∼−1.2 dex). A. Smercina et al.
(2020) recently uncovered the interaction history of M81,
showing how it had a relatively quiet past, only accreting at
most an SMC-mass galaxy over the course of its life.
P. R. Durrell et al. (2010) found this halo to be 9± 2 Gyr
old by comparing the Red Giant Branch to theoretical
isochrones, giving a “when” to this SMC-sized merger, fully
characterizing this stellar halo and the life history of M81.
However, few studies have been done on the extended
structures of the other two galaxies in the central trio.

M82, the second-most massive in the group, is a starburst
galaxy about half the mass of the MW (M*∼ 2.8× 1010Me;
M. Querejeta et al. 2015). It is currently interacting with M81,
leading to uncertainty if its stellar halo is “genuine,” that is,
formed from a merger event before its infall to the group.
However, A. Smercina et al. (2020) show how M82ʼs outskirts
are metal-poor and appear to be not significantly tidally
disrupted, leading us to believe that this structure is indeed a
halo that formed long before any interaction with M81.
A. Smercina et al. (2020) do not present a well-constrained
metallicity of M82ʼs halo, motivating our measurement of it in
this work.

The third and smallest of this trio, NGC 3077, is an irregular
dwarf galaxy similar in mass to the LMC (M*∼ 2.3× 109Me;
M. Querejeta et al. 2015). S. Okamoto et al. (2015, 2023)
revealed that NGC 3077 exhibits an S-shaped structure, a
characteristic of tidal disruption. S. Okamoto et al. (2023) also
report that the metallicity of the tidal tails is the same as that of
the outer edge of the main body of the galaxy (∼−1.4 dex),
showing that the tidal debris most likely originated from the
outer envelope of NGC 3077.

These works have characterized parts of the properties of
M82 and NGC 3077ʼs extended structures, but their star
formation histories are unknown and metallicities have been
sparsely measured in the past. To learn the full history of this
group, important questions still need to be answered: When did
star formation stop in the outskirts of these galaxies? Is this
shutoff connected to their metallicities or dynamical histories?
How do these star formation timescales compare with the
assembly and evolutionary timescales of the rest of the group?

To answer these questions, measurements of stellar mass,
metallicity, and age need to be made of the outskirts of M82 and
NGC 3077. The first two of these quantities are relatively easy to
obtain observationally and have been found to some degree in
the past, but finding the ages of stars in these diffuse structures is
a nontrivial task. Traditional methods require fitting stellar
isochrones to color–magnitude diagrams (CMDs) to infer age,
but the majority of stars in these distant, low surface brightness
features are below the detection limits of current instruments.
The methods in B. Harmsen et al. (2023) circumvent this
problem by establishing a relationship between the two of the
brightest stellar evolutionary stages, those being the Asymptotic
Giant Branch (AGB) and the upper Red Giant Branch (hereafter
TRGB), and the lookback time at which the majority of star
formation stopped. While crude, this is the only way to measure
the ages of stars in the outskirts of distant galaxies. Making these
measurements and combining them with past work on this group
will allow us to broadly characterize the past, present, and future
of this group’s assembly and evolution.

Section 2 outlines the our observations and data reduction
techniques, as well as star–galaxy separation and completeness
corrections. Section 3 describes the spatial and color–
magnitude selections for our measurements, the methods to
calculate t90, and how we measured the metallicity of our
spatial selections. Section 4 describes the derived t90 values of
the selections and our metallicity measurements, and Section 5
provides a timeline of the M81 group’s evolution as well as
interpretations of our measurements of M82 and NGC 3077.
We conclude in Section 6.

2. Observations, Data Reduction, and Completeness
Correction

The Subaru Telescope HSC was used for two nights of
observation through the Subaru-Gemini exchange program on
2015 March 26th and 27th (PI: Bell, 2015A-0281). The outer
regions of M81, M82, and NGC 3077 were observed in each
of the g, r, and i bands using two pointings. The number of
exposures and integration times can be found in Table 1 of
A. Smercina et al. (2020).
The data were reduced with the HSC pipeline (J. Bosch et al.

2018) that uses the Pan-STARRS1 catalog (E. A. Magnier et al.
2013) to perform photometric and astrometric calibration, as
well as converting the photometry to the SDSS photometric
system. The specific data reduction that was used performed
background subtraction with a 32 pixel mesh that is optimized
for point sources to remove the majority of diffuse light. The i
band was used to provide reference positions and image sizes
to force photometry in the g and r bands, as it is the deepest and
best-resolved.
The galactic extinction was corrected following E. F. Schla-

fly & D. P. Finkbeiner (2011). They estimate the E(B− V ) near
the M81 group to be ∼0.1. The extinction-corrected point-
source detection limits were fairly uniform across the two
fields, at g= 27.0, r= 26.5, and i= 26.2, all measured at 5σ.
Stable seeing during the two nights of observation led to point-
source sizes near 0 7–0 8 down to the detection limits,
resulting in the observation of nearly 900,000 sources across
the two fields. For further discussion of the pipeline, see
J. Bosch et al. (2018).
Due to the distance of the M81 group and the diffuse nature

of stellar halos, stellar sources were greatly outnumbered by
background galaxies. To combat this, extensive star–galaxy
separation was done to ensure the purity of our sample. The
first approach was to consider the morphology of sources
unresolved at the resolution limit of our observations. Limiting
the FWHM of sources to �0 9 removed the majority of
extended background sources in our observations.
As our study relies on the number of stars in a particular

evolutionary stage contained in a selection of a diffuse stellar
halo, more stringent requirements were needed to limit back-
ground count contamination. The next approach to reduce
contamination was to require that true stellar sources lie within
0.2 mag (taking into account photometric error) of the “stellar
locus” in the g− r versus r− i color–color space (following
K. R. Covey et al. 2007; F. W. High et al. 2009; A. Smercina
et al. 2017). The stellar locus is depicted in Figure 2 (lower left)
as a red line. Sources that passed both of our requirements are
shown in the lower right of Figure 2, showing ∼160,000 sources
compared to the initial ∼900,000.
While many background contaminants were rejected through

the methods outlined above, a significant number of compact
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background galaxies remain. To remove these from our spatial
samples, sections of empty sky of equal area to the sections of
interest were subtracted from said sections of interest (see
Section 3.1 and Figure 5 for the spatial selections and their
respective reference selections). Additionally, our survey
becomes crowded and therefore incomplete (A. Smercina
et al. 2020) toward the centers of these three galaxies, and these
dense regions were masked out and do not appear in the images
of the fields that are included in this paper.

Our data were compared to existing GHOSTS survey data in the
halo of M81 (D. J. Radburn-Smith et al. 2011; A. Monachesi et al.
2016), and incompleteness curves (Figure 3) and corrections were
made to the counts found in uncrowded areas. For both M82 and
NGC 3077, stellar counts were divided by the average recovered
fraction of sources at a given i-band magnitude within the AGB
and TRGB selections. In the halo of NGC3077, a galactocentric
distance was found that had the same stellar surface density as the
inner radius of our selection of the halo of M82 to ensure crowding
was not an issue in our corrections. We prefer to use empirical
completeness corrections from real Hubble Space Telescope (HST)
data in order to circumvent systematic error caused by imperfect
PSF and color–color modeling for artificial stars—in practice,
adoption of artificial star-derived completeness corrections does not
affect our inferences to within our error bars. In Figure 3, we show
the typical uncertainty in completeness, determined from assessing
completeness in separate areas of the field. Folding in these
completeness uncertainties into our analysis, we find that these lead
to 0.02 dex variations in log10(N*,AGB/N*,TRGB), corresponding to
0.3Gyr in t90, well within our random and systematic uncertainties.

3. Selections and Measurements

3.1. Color–Magnitude Diagram and Spatial Selections

Our final star–galaxy separated stellar candidates appear in
Figure 4. The majority of the sources that appear there are at

the distance of the M81 group, although many foreground MW
stars and background sources are still present. We highlight the
selection boxes used to AGB stars and TRGB stars in Figure 4.
These selections were defined and calibrated in B. Harmsen
et al. (2023) around a placement of the tip of the Red Giant
Branch (23.72 in F814W at the distance of M81 following
D. J. Radburn-Smith et al. 2011) using HST magnitudes, so a
conversion was done between the HST F606W/F814W and
SDSS g/i band using isochrones generated for both magnitude
systems (PARSEC; A. Bressan et al. 2012). We also show the

Figure 2. Panels showing total unresolved point sources, (upper) and stellar
candidates that lie along the stellar locus (within 0.2 mag) (lower). The
difference between the point-source CMD (upper right) and the stellar
candidates CMD (lower right) is clear, with a large number of background
sources eliminated. A significant number of background galaxies remain (g
− i ∼ 0) that need to be removed through background subtraction.

Figure 3. The fraction of HST point sources recovered to be stars using our
morphological and color–color selections at a given i-band magnitude. The
typical uncertainty per bin is show in the upper right, with a value of ±3.5%.

Figure 4. The CMD of our final stellar candidates. Background contaminants
can be seen in the dense region between i ∼ 24 and i ∼ 26 and g − i ∼ 0.
The 10 Gyr RGB isochrones are included to understand the location of this
distinct stellar evolutionary stage. The metallicities of these isochrones range
from [M/H] = −2.0 to −0.8, with steps of −0.3 dex.
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portion of the Red Giant Branch used to calculate metallicity;
we use the i � 25 up to the tip of the Red Giant Branch for a
more complete sample. The 10 Gyr RGB isochrones with
metallicity ranging from [M/H]=−2.0 to −0.8 were included
(Figure 4) to better understand the location of this stellar
evolutionary stage. Due to contamination from helium-burning
stars on the blue side of the AGB and TRGB selections, they
were shifted by 0.4 in color to ensure a pure sample of these
stars. This shift potentially removed a nontrivial number of
AGB and TRGB stars, but we chose to prioritize the purity of
the selection over completeness. (See Appendix).

Spatial selections in the outskirts of both M82 and NGC 3077
were chosen to exclude regions potentially contaminated by the
presence of M81 and the surrounding tidal bridges (refer to
Figure 5 to see the selections). B. Harmsen et al. (2023) points
out that the M81 group is a prime example of a system where
in situ halo star formation is actively occurring, requiring us to
avoid selecting regions where known star formation is taking
place. The selection of M82ʼs halo ranges between 25 and
55 kpc along the major axis and 15–45 kpc along the minor axis,
tracing out a 240° fraction of an annulus just outside of the outer
disk/inner halo. We omit the southern 120° section to avoid
contamination from the tidal bridges connecting M82 with M81,
as we are only interested in the stellar populations that were
present before the most recent interaction between these two
galaxies.

We follow S. Okamoto et al. (2015, 2023) and A. Smercina
et al. (2020) in the attribution of NGC 3077ʼs entire envelope to
tidal tails formed from its main body. Although this diffuse
outer structure is not a stellar halo, analyzing these tails will
help to answer our questions about the origin of the stars
composing these structures and any connection between the
ages and metallicities with dynamical history. The stream to the
southwest of NGC 3077 is known to have more recent star
formation than the stream on the northeast, as well as is
projected closer to M81. For these reasons, the tidal stream on
the northeast was analyzed in this work. NGC 3077ʼs inner
tidal stream selection is a 70° section on the eastern side of the
galaxy, stretching from 22 to 46 kpc away from the galactic
center. We also elected to analyze one side of NGC 3077ʼs
faint outer tidal features. This selection is 18 kpc by 23 kpc, as
first shown in S. Okamoto et al. (2023).

When possible, multiple background selections were used
and their counts were averaged to improve the number statistics

of each respective halo selection. Additionally, these galaxies
and their outskirts reside near/within the larger stellar halo of
M81. The choice of background selections to be close to or far
from the stellar halo of M81 does not affect our measurements
within our error bars.

3.2. t90 Calculation

To determine the ages of the stellar populations in the
outskirts of M82 and NGC 3077, we follow the method
outlined in B. Harmsen et al. (2023). The log10 of the ratio of
the number of AGB stars (N*,AGB) to TRGB stars (N*,TRGB) in
the spatial selections were found and converted into t90 using
the below equation:

( ( ) ) ( )a= + +-t t N Nlog 1 , 190,expect 90, 1 10 ,AGB ,TRGB* *

where the intercept t90,−1= 4.4± 0.3 is the expected t90 at
( ) = -N Nlog 110 ,AGB ,TRGB* * and α=−11.3± 1.6 is the slope

of the relation. This relation has an intrinsic scatter of
σt= 1.45± 0.18 Gyr. We take this intrinsic scatter and the
error on each of these parameters in quadrature with the
counting error from our selections.
The stellar counts, ratios, and t90 for each selection are found

in Section 4, Table 1. The halo of M82 showed no significant
spatial or radial variation in t90 within the selected annulus, so
we chose to present the global value. The spatial selections of
NGC 3077 were sparse enough to require each selection being
treated as one region, as opposed to breaking them up to create
a more fine profile.

3.3. [M/H] Measurements

To measure the metallicity of each spatial selection, we
followed the methods outlined in I. Ogami et al. (2024). We
generated 54 isochrones from the PARSEC (A. Bressan et al.
2012) isochrone suite with −2.15< [M/H]<+0.5 at 0.05 dex
intervals and an assumed an age of 10 Gyr. We construct a
model of [M/H] as a function of i magnitude and g− i color
using the Scipy radial basis function interpolation scheme
(Figure 6). The color and magnitude coordinates of each point
source identified as both an RGB star based on the orange RGB
selection in Figure 4 and residing within our spatial selections
was used to estimate the mean photometric metallicity. We do
the same for the background selections. Both the regions of

Figure 5. The selections (solid lines) described in Section 3 of the halo of M82 (left) and eastern tidal stream (center and right) of NGC 3077. Background selections
are shown in dashed lines. The axes are in units of kpc, with the origin centered on M82 in the left and NGC 3077 in the center and right. Red Giant Branch stars are
shown in red points, and Asymptotic Giant Branch stars in blue. Large tidal bridges can be seen connecting these two galaxies to M81.
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interest and background [M/H] distributions were binned, and
the difference between the two was found. The median [M/H]
value and standard deviation of the resulting distributions are
reported in this work in Table 1. Our choice of presenting the
median versus the geometric mean does not affect our
measurements outside of the error bars. Formal errors are very
small (<0.04 dex); systematic uncertainties dominate. We
choose to adopt a simple systematic uncertainty reflecting the
impact of stellar population age, by repeating our [M/H]
calculation with ages of 6 Gyr and 13 Gyr, respectively,
resulting in variations in median metallicity of ±0.20 dex.
We adopt ±0.20 dex as an approximate median metallicity
uncertainty in what follows.

4. Results

The spatial distribution of stars that passed our stellar
candidate criteria and selections for each region of both M82
and NGC 3077 can be seen in Figure 5. The extended structures
of these galaxies are clearly visible, mainly dominated by RGB
stars in red but with a fairly uniform distribution of AGB stars
shown in blue. The tidal bridges connecting these galaxies with
M81 are also visible.

The CMD of M82ʼs raw selection (Figure 5, left) as well as
the background and background-subtracted CMDs are shown in
Figure 7. There is a fairly distinct Red Giant Branch, as well as a
number of remaining background contaminants at (g− i)∼ 0.
Relatively few AGB stars fall into our selection box (∼120), as
compared to the number in the TRGB (∼2000). The

log10(N*,AGB/N*,TRGB) is −1.19± 0.06, leading to a t90 of
6.6± 2.6 Gyr. Our [M/H] measurement of the spatial selection
resulted in a value of −1.62± 0.20 dex. This qualitatively
matches the metal-poor appearance of M82 in Figures 12 and 14
of A. Smercina et al. (2020), who show multiple metallicity
color maps of the triplet and surrounding structures.
The t90 of both of the tidal stream selections for NGC 3077 can

also be seen in Table 1. The CMDs of the selections shown in
Figure 5 (center and right) appear in Figure 7 (background-
subtracted on the right). These CMDs show a well-defined Red
Giant Branch and a few AGB stars, with little background
contamination. The log10(N*,AGB/N*,TRGB) are −1.11± 0.06 for
the inner selection and −0.93± 0.23 for the outer selection. The
t90 of the inner selection was 5.7± 2.4 Gyr, which was
moderately older than the outer selection, having a t90 of
3.6± 3.3 Gyr. We measure a inner tidal stream [M/H] of
−1.43± 0.20 and an outer stream [M/H] of−1.56± 0.20. These
match what S. Okamoto et al. (2023) find for these sections
within the errors (∼−1.35 to −1.5 dex across both sections).

5. Interpretation and Discussion

Here, we provide an inference of each galaxy’s evolutionary
history based on the t90 and metallicity measurements presented
above, as well as simulated analogs to contextualize these
galaxies and their properties (Section 5.1 for M82 and
Section 5.2 for NGC 3077). We also construct a timeline of
the main trio in the group, composed of our measurements, those
shown for the halo of M81 presented by P. R. Durrell et al.
(2010), and the starburst timescales of M82 and NGC 3077 from
various literature sources (Section 5.3). We end with a
description of the limitations of our work and potential avenues
to take for similar work in the future (Section 5.4).

5.1. M82’s Stellar Halo

This work gives new insights into M82ʼs extended envelope
of stars, which, owing to being much poorer in metals than the
disk, has been previously argued to be a stellar halo (B. Har-
msen et al. 2017; A. Smercina et al. 2020). From its CMD, we
have estimated its metallicity to be [M/H]=−1.62 dex, and on
the basis of a relatively sparse AGB population, we estimate a
t90∼ 6.6± 2.6 Gyr. The mass of M82ʼs stellar halo is
considerably less certain. We take a simplistic approach where
we scale M82ʼs mass outside the tidal radius Rtidal∼ 10 kpc of
2.1× 108Me (A. Smercina et al. 2020). Following B. Harmsen
et al. (2017) and E. F. Bell et al. (2017), we adopt a factor of
three correction to correct a >10 kpc mass to a total accreted
mass of Macc∼ 6.3× 108Me; we adopt a ±0.5 dex (factor of
three) error in acknowledgment of the considerable uncertainty
when dealing with a halo in a disrupting satellite galaxy.

Table 1
AGB Counts, TRGB Counts, log10 of the Ratio of the Counts, the Calculated t90, and Metallicity Measurements of Each Spatial Selection

Galaxy N*,AGB N*,TRGB log10(N*,AGB/N*,TRGB) t90 (Gyr) [M/H] σ[M/H]

M82 126 ± 21 1990 ± 50 −1.20 ± 0.07 6.6 ± 2.6 −1.62 ± 0.20 0.35
NGC 3077 (inner tidal stream) 70 ± 9 908 ± 42 −1.11 ± 0.06 5.7 ± 2.4 −1.43 ± 0.20 0.37
NGC 3077 (outer tidal stream) 16 ± 6 140 ± 54 −0.93 ± 0.23 3.6 ± 3.3 −1.56 ± 0.20 0.38

Notes. The errors on the counts and ratios are a combination of the Poisson noise of each selection and the standard deviation of the counts in background fields when
multiple background fields were used. The error on the t90 are a combination of these errors with the error on the fit parameters given in B. Harmsen et al. (2023).
Errors in metallicity are the systematic uncertainty described in Section 3.3. Different background placements do not affect our measurements outside of the error bars.

Figure 6. The interpolated metallicity map used to determine the [M/H] of our
spatial selections. The left, blue line corresponds to the most metal-poor
isochrone used to determine metallicity ([M/H] = −2.15), and the right,
orange line is the metal-rich ([M/H] = 0.5). The green line connecting the two
isochrones is the TRGB in the metallicity range used for our interpolation
(−2.15 < [M/H] < 0.5).
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With these in hand, we can then ask how M82ʼs stellar halo
compares with those of other galaxies. In Figure 8, we show the
stellar halo of M82 (large blue point) and the stellar halos of

several other Local Volume galaxies (black points; left; large
red points center and right panels). M82ʼs stellar halo is
consistent with the broad trend between stellar halo metallicity

Figure 7. Raw (left), background (center), and background-subtracted (right) CMDs for each of the selections shown in Figure 5, with the AGB and TRGB selections
shown in the rightmost panel of each. The color bars show the stars/bin in each of the background-subtracted CMDs. Counts in these selections and their
corresponding ratios and t90 are shown in Table 1.
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and stellar halo mass (left panel; data points from K. Gozman
et al. 2023)—recall that this relationship reflects that most of
the stars in a stellar halo are provided by its most massive
accreted satellite, which drives up both the metallicity (by the
metallicity–mass relation of the accreted satellites) and the
stellar mass (e.g., A. J. Deason et al. 2016; B. Harmsen et al.
2017; R. D’Souza & E. F. Bell 2018a).

With a t90 value of ∼6.6 Gyr, M82ʼs halo has an age
consistent with the median halo age (from B. Harmsen et al.
2023) of nearby galaxies. The comparison sample contains no
halo ages for galaxies with comparable stellar mass; accord-
ingly, we compare with t90 values for the accreted components
of M82-mass (blue) and MW-mass (red) simulated galaxies
from the TNG-50 simulation (central and right panels of
Figure 8). TNG-50 (A. Pillepich et al. 2018, 2019) simulates a
large cosmological volume ∼50Mpc on a side with ∼300 pc
resolution, enabling the analysis of the detailed properties of
stellar haloes. The MW-mass galaxies (red) spanned 4×
1010Me to 15× 1010Me; the M82-mass galaxies (blue) span
1010Me to 4× 1010Me, having dark matter halo masses less
than 1013Me. We analyze “accreted” particles born out of the
main progenitor branch subhalo. In common with B. Harmsen
et al. (2023), we calculate t90 directly from the cumulative star
formation history of the accreted particles.12 Like the halos of
more massive galaxies, the accreted stars of simulated M82-
mass galaxies show a wide range of t90 values, with a tendency
toward younger t90 values for more massive/metal-rich halos;
the overall values and trend is offset toward rather lower
accreted mass/metallicity. M82ʼs halo is a little on the young
side for its accreted mass (and in particular, metallicity, owing
to its rather low metallicity for its accreted mass).

The implications for inferences about M82ʼs accretion
history are uncertain, and would benefit from both improved
observational constraints and future simulations. Many papers
have found that, to a first approximation, the stellar halo mass
and metallicity reflect the stellar mass and metallicity of a
galaxy’s most important accretion event (e.g., A. J. Deason
et al. 2016; B. Harmsen et al. 2017; R. D’Souza &
E. F. Bell 2018a; A. Monachesi et al. 2019). The interpretation
of t90 is less certain (as measurements of halo star formation

histories are still rare), but is predicted to reflect the time of the
most important accretions—for example, the observed decrease
in star formation in the halos of the MW (e.g., C. Gallart et al.
2019) and M31 (e.g., T. M. Brown et al. 2008) occurred at the
time of the most dominant merger event (see also R. D’Souza
& E. F. Bell 2018a; B. Harmsen et al. 2023). Taken then at face
value, we would suggest that this halo formed from a merger
event occurring ∼6.6 Gyr ago, with a metal-poor galaxy with
roughly the mass of the SMC, similar to the merger partners of
M64 (A. Smercina et al. 2023) and M94 (K. Gozman et al.
2023).
A possible complication to this picture is the low stellar mass,

and seemingly low metallicity, of M82ʼs stellar halo. Both
R. D’Souza & E. F. Bell (2018a) and A. Monachesi et al. (2019)
find that lower-mass simulated stellar halos tend toward having
contributions from several important satellites. Such halos would
tend toward having lower metallicity for their stellar mass (as they
are the combination of a few lower-metallicity satellites rather than
the debris of a more massive and metal-rich one; see, e.g.,
B. Harmsen et al. 2017; R. D’Souza & E. F. Bell 2018a),
consistent with the (very uncertain) halo metallicity estimate
[M/H]=−1.62± 0.20. An alternate interpretation of low-metal-
licity halos as signaling early accretion (following B. Harmsen
et al. 2017) would be disfavored owing to M82ʼs halo
t90∼ 6.6 Gyr. Consequently, while we tentatively suggest that
M82ʼs most important accretion was ∼6.6Gyr ago with an SMC-
massed galaxy, it is possible that t90∼ 6.6 Gyr and M82ʼs halo
mass instead reflect the mean accretion time of a modest number of
smaller satellites (e.g., a significant fraction of the SMC’s mass).
Simulations suggest that more information is available about
accretion history with improved observations (e.g., structure, age
structure/gradients, metallicity gradients, etc.; K. V. Johnston et al.
2008; B. A. Cook et al. 2016; R. D’Souza & E. F. Bell 2018a;
A. Monachesi et al. 2019; A. C. Wright et al. 2024), highlighting
the potential of upcoming deep JWST stellar observations (PI:
Smercina).

5.2. NGC 3077’s Tidal Streams

The outskirts of NGC 3077, in its morphology, large amount
of unbound material, and continuous metallicity gradient from
its inner parts to its outer parts, has long been argued to be tidal
debris from its interaction with M81 (S. Okamoto et al.
2015, 2023; A. Smercina et al. 2020). We confirm the

Figure 8. The stellar halo of M82 (large blue point) compared with stellar halos of MW-mass galaxies reported in B. Harmsen et al. (2023) (large red points) and with
simulated galaxies from TNG50 having stellar halos similar in size to those of M82 (small blue points) and the MW (small red points). Left: stellar halo mass vs. mean
stellar metallicity of M82 and observed MW-mass galaxies. Center: stellar halo mass vs. t90. Right: stellar halo mean metallicity vs. t90. The stellar halo mass of M82
was chosen to be three times that of the unbound mass reported in A. Smercina et al. (2020), with the error ranging from one to five times the unbound mass. The
TNG50 metallicities in the right panel were found using the green best-fit slope in the left panel.

12 Choosing instead to focus on accreted particles with galactocentric radii
r > 10 kpc (more like observed stellar halo stars) affects t90 at the level of
±1 Gyr. We choose to focus on all accreted particles for simplicity and to
compare directly with B. Harmsen et al. (2023).
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metallicity measurements from S. Okamoto et al. (2023) of
NGC 3077ʼs tidal debris, and provide first constraints on the
star formation history of the tidal arms, t90∼ 5.7 Gyr in the
inner tidal stream, and t90∼ 3.6 Gyr in the outer tidal stream.
No t90 estimate exists for NGC 3077ʼs main body, but recent
star formation is seen in the central parts of NGC 3077
(J. Harris et al. 2004), suggesting that it is likely that it has a
relatively recent t90 (recall a constant SF history gives
t90∼ 1.3 Gyr). Yet, NGC 3077ʼs pericenter passage with M81
is likely to have been ∼250Myr ago (e.g., M. S. Yun 1999).
One might have expected on that basis that NGC 3077ʼs tidal
tail could show a low t90, of order 1.3–1.5 Gyr, given that star
formation could be shut off when the material was tidally
stripped, but have been ongoing beforehand. Yet, NGC 3077ʼs
tails are older. Is it possible that this is because of age gradients
in NGC 3077 prior to pericenter passage, or does this suggest
that these tails may predate NGC 3077ʼs most recent pericenter
passage?

We explore this issue in a preliminary way using selected
systems from the TNG-50 galaxy formation simulation. We
choose a few example systems where an LMC-mass
(  ~M Mlog 9.510 * ) companion had a recent pericenter
(∼350Myr ago in snapshot 97) with a roughly MW-mass
( M Mlog10 * between 10.5 and 11.3) central galaxy. We
illustrate the range in outcomes with two systems (Figure 9)—
subhalo IDs 371127/371129 (central/satellite, respectively) and
392276/392279. We calculate the t90 values of the tidal tails
from the LMC-mass companion. In the case of subhalo 371129,
the tidal tail’s t90∼ 1.8 Gyr shows a clear shutoff in star
formation, while its core experiences enhanced tidally induced
star formation—in line with our expectation that tails created by
a recent pericenter passage should be young. In contrast, the tails
of subhalo 392279 are much older, t90∼ 8.2 Gyr, while again the
core of the satellite continues to form stars until the present day
—these tidal tails were formed in the recent pericenter passage

350Myr ago, but are comprised primarily of old stars, as the
outer parts of this satellite (before its pericenter passage) were
old (and much older than the core of the satellite). Neither of
these timescales align precisely with those observed in
NGC 3077 (3.6–5.7 Gyr), but instead emphasize that the t90 of
tidal tails is not straightforwardly related to when a merger event
or tidal disruption happened (as suggested by B. Harmsen et al.
2023), especially in the case where satellites have strong
population gradients prior to their tidal disruption.
Recent work on Local Volume tidal streams has reached

similar conclusions regarding population gradients present
before disruption. The metallicity variations in the Sagittarius
streams has been argued to imply strong population gradients
in its progenitor galaxy (e.g., S. C. Keller et al. 2010;
C. R. Hayes et al. 2020; E. C. Cunningham et al. 2024).
S. C. Keller et al. (2010) mention how the disruption of the
Sagittarius progenitor galaxy is very recent, meaning the
progenitor must have had inefficient mixing before disruption.
Relatively consistent metallicity in the streams of NGC 3077
may imply efficient mixing in its past. Additionally, M33 is
dominated by older stellar populations in its extremities
(A. Smercina et al. 2023) similarly to what we show here for
NGC 3077 in that the tails are intermediate in age while the
center is actively forming stars. Further investigations into the
population gradients in NGC 3077ʼs tidal tails in the near future
will allow for more of its history to be further constrained.

5.3. A Timeline of the M81 Group

With new estimates of t90 in hand for the envelopes of M82
and NGC 3077, we are in a position to reflect on how these new
measurements help to enrich our understanding of the growth
of the galaxies in the M81 group (and the group as a whole).
We present a timeline of the M81 group in Figure 10. M81ʼs

stellar halo formed early, ∼9 Gyr ago, and has experienced
little star formation until the present day (P. R. Durrell et al.
2010). M82 appears to have a stellar halo, whose t90 value of
∼6.6 Gyr suggests that it formed from a roughly SMC-massed
accretion at around that time, substantially after M81ʼs most
important previous accretion.
In contrast, the starburst timescales for M82 (200–300Myr,

D. F. de Mello et al. 2008; 150–220Myr, L. J. Smith et al.
2007), cluster ages in NGC 3077 (∼20Myr; J. Harris et al.
2004), and dynamical models of the interaction of M82 and
NGC 3077 with M81 (e.g., M. S. Yun 1999, suggests an
interaction timescale of ∼250Myr) suggest that the periods of
most intense tidal forces experienced by M82 and NGC 3077
were a few hundred Myr ago. These very recent timescales
appear not to be reflected in the outskirts of either M82—
whose outskirts appear to be a metal-poor stellar halo—or
NGC 3077—whose outskirts are tidal debris, but whose older
ages appear to instead reflect a pre-existing population gradient
that is now reflected in more recently formed tidal tails.
Looking forward, it is clear that when NGC 3077 and

(especially) M82 merge with M81 in a few Gyr, they will
contribute to a massive, metal-rich halo with a substantial
young stellar population (A. Smercina et al. 2020), both
because of young stars in the main bodies of NGC 3077 and
M82 that will contribute to the halo, but also because of the
M81 group’s widespread star formation in the gas tidal tails
(e.g., S. Okamoto et al. 2015; W. J. G. de Blok et al. 2018). In
this context, it is valuable to reflect on the relatively high t90
values of NGC 3077ʼs outskirts (and M82ʼs halo)—while star

Figure 9. Two TNG50 analogs of NGC 3077 that have a similar mass, are
orbiting around an M81-like host, and exhibit ongoing star formation in their
cores. The upper panel shows a t90 in the tidal tails of roughly 2 Gyr, while the
lower exhibits a much older, 8 Gyr old population. The SFH of the NGC 3077
analogs’ centers and analogs’ tails are shown in the histograms on the right.
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formation will be expected to continue well into M82ʼs and
NGC 3077ʼs merger into the M81 group, the final stellar halo
may have significant population gradients, where the outer
parts (comprised of the debris liberated from the outer, older
parts of the satellites) will likely be substantially older than the
inner parts of the halo. Such a pattern is seen in M31ʼs halo,
where the tidal stream and inner halo have more younger stars
than its outer halo (e.g., T. M. Brown et al. 2008; R. D’Souza
& E. F. Bell 2018b), perhaps also signifying that the progenitor
of M31ʼs halo had relatively older stars in its outer parts.

5.4. Limitations and Future Work

The ideal way to constrain the time since a merger event is
with a full SFH fit over a large footprint. Past work using HST
data (P. R. Durrell et al. 2010; M. Rejkuba et al. 2022) have had
success finding star formation timescales in stellar halos and tidal
streams and connecting them to merger history, but the small
area these fields cover (or that would be covered by JWST)
limits their ability to characterize the global properties of these
faint structures. Therefore, wide-field, but shallow, resolved
stellar population data are needed to perform the analysis
necessary to constrain merger history. These methods, like the
one used in this work, rely on an uncontaminated stellar sample;
limiting contamination, both from background compact galaxies
and removing foreground MW dwarf stars from the AGB
sample, is crucial for better-constrained measurements to be
made. M. Rejkuba et al. (2022) shows that near-IR J−K versus
K CMD characterization allows for foreground dwarf versus
giant separation, and the Nancy Grace Roman Space Telescope’s
(D. Spergel et al. 2015) combination of tight and well-
characterized PSF, relatively deep limits, wide-field capability,
and near-infrared photometry will provide both excellent
morphological star–galaxy separation and color–magnitude

separation between foreground dwarf stars and the giant stars
in the M81 group.
Additionally, the current constraints on the relationship

between AGB/TRGB and t90 show considerable scatter
(B. Harmsen et al. 2023); future work may refine our
understanding of this relationship and/or uncover other relation-
ships between the relative numbers of different luminous stellar
evolutionary stages and other metrics of SFH. In addition, there is
a clear need for an improved understanding of the relationship
between SFH signatures and inferences about tidal interaction/
merger history: the clear disconnect between t90 and the growth
timescale of NGC 3077ʼs tidal tails exemplifies this concern.
Finally, the last numerical model of this group is roughly

25 yr old, based almost entirely on constraints from the HI tidal
debris morphology (M. S. Yun 1999). There is an urgent need
for updated numerical modeling that incorporates the con-
straints given by the analysis of the resolved stellar populations
(e.g., this work, S. Okamoto et al. 2015, 2019, 2023; A. Sme-
rcina et al. 2020) for a more nuanced interpretation of these and
future results.

6. Conclusions

We report the t90 and [M/H] of the extended structures of
M82 and NGC 3077. Using data from the Subaru Telescope’s
HSC, we have removed background and foreground contami-
nants to isolate the diffuse structures surrounding these
galaxies. A large catalog of stars passed our strict requirements,
and completeness corrections were done on our selections
based on existing GHOSTS survey data. Spatial selections of
the stellar halo of M82 and the eastern tidal stream of
NGC 3077 were made, avoiding contamination from M81 and
nearby tidal bridges.
Following B. Harmsen et al. (2023), the ratio of AGB stars

to TRGB stars was measured and converted to t90 to determine

Figure 10. A timeline showing the star formation timescales in the outskirts of the central galaxies in the M81 group. The starburst timescales for M82 and NGC 3077
(red) are taken from various literature sources (NGC 3077: M. S. Yun 1999, M82: L. J. Smith et al. 2007; D. F. de Mello et al. 2008), which we adopt to be the time at
which M82 and NGC 3077 experienced the strongest tidal forces, i.e., when disruption began. The final merger of these three galaxies will occur in 2 Gyr, as estimated
by A. Smercina et al. (2020).
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when star formation stopped in our spatial selections. Our only
deviation from the methods outlined by B. Harmsen et al.
(2023) was the shortening of the AGB and TRGB CMD
selection boxes to remove contamination from helium-burning
stars. Metallicity measurements for each of our selections were
made following I. Ogami et al. (2024) for the sake of
comparison with TNG50 analogs and literature sources.

We confirm that M82 has a genuine stellar halo that formed
before any interactions with the M81 group. It has global t90 of
∼6.6 Gyr and a [M/H] of ∼−1.62 dex, signifying that it had
very few major merger events, the most significant of which
happening at the t90 reported above. We hypothesize that the
mass of the accreted satellite was roughly that of the SMC.

We also find that the uncontaminated inner tidal stream section
(t90∼ 5.8Gyr) and outer tidal stream section (t90∼ 3.6 Gyr) of
NGC 3077 do not share an end to star formation, and the
difference between them signifies a mildly negative (old to
young) profile. We find that they share a metallicity (inner
[M/H]∼−1.43 dex, outer [M/H]∼−1.56 dex) well within
their errors (±0.20 dex). The end to star formation we find does
not align with its disruption timescale, and further complicates
this galaxy’s uncertain history. We suggest that NGC 3077 must
have had a pre-existing age gradient in its outer disk before tidal
disruption, for any profile to be observable.

We show our results in the context of past work on M81ʼs
stellar halo and the starburst timescales of M82 and NGC 3077
to uncover the halo and tidal stream assembly timeline of this
galaxy group. The halo of M82 is much younger than that of its
massive host, and the difference in age between the stars in
each section of NGC 3077ʼs tidal tails is prominently
displayed. None of the timescales we measure in this work
align with the time at which M82 and NGC 3077 began to
exhibit starburst behavior, which is the time we attribute to the
beginning of their tidal disruption. The stellar populations we
measure were therefore not formed in the fallout of this tidal
disruption event; they predate the strong gravitational interac-
tions these galaxies are currently experiencing and give insight
into how the galaxies in this group came to be in their current
states, as well has how this group will evolve in the future.
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Appendix
Removal of Potential Contaminants from CMD Selections

Here, we show a minor axis selection of M81 (Figure 11)
and the original (B. Harmsen et al. 2023) and shifted CMD
selections used in this work (Figure 12). The isochrones are
100Myr old helium-burning stars with various metallicities.
The shift on the blue edge of our selection (0.4 mag) was
chosen to both avoid contamination from helium-burning stars

Figure 11. The minor axis and background selections of M81ʼs minor axis,
shown in the same manner as those in Figure 5.
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while still capturing the entirety of the Red Giant Branch.
Using these CMD selections, we find the minor axis of M81 to
have a t90 of 8.6± 3.2 Gyr, matching the findings of
P. R. Durrell et al. (2010) (9± 2 Gyr). The original selections
give a t90 of 5.8± 2.5 Gyr, illustrating the importance of
removing HeB contaminants.
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