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Executive Summary

The low surface brightness (LSB) Universe (detections fainter than ∼26 mag arcsec−2) is considered the
last frontier of optical astronomy: objects with the lowest star densities, largely unseen by past wide field
surveys and hardly studied by targeted observations. This almost unexplored field promises to deliver
transformative insights into a wide range of phenomena, from stellar outskirts, to clusters of galaxies and
requires wide-fields of view (∼1 deg2 and larger). KWFI can quickly reach the depth of current ‘Ultra Deep’
surveys and will break new ground, reaching an unprecedented m ∼ 29, 5f, in u g r filters in ∼5, ∼3, ∼13 hrs
respectively over its wide 1 deg diameter field. This makes KWFI ideal to detect low-surface brightness,
ultra-diffuse, and ultra-faint galaxies, stellar streams and shells.

Background

Significant progress has been made in the past decades with the construction of large telescopes and more
sensitive detectors, together with technical advances in image reduction and treatment, telescope design and
new observational strategies. In this sense, we are now starting to scratch the surface of all the interesting
phenomena that are observable when the Universe is explored at such depths (see Knapen & Trujillo 2017,
for a review). This is demonstrated by the increasing interest in upcoming all sky deep surveys and the new
generation of instruments, and their potential regarding Low Surface Brightness (LSB) science (e.g. Vera
Rubin Observatory: Brough et al. 2020, Euclid: Borlaff et al. 2021).

According both theory (Martin et al. 2019) and observations (e.g. Dalcanton et al. 1997) the majority of
galaxies actually reside in the LSB/dwarf regime, which means that our understanding of the physics of
galaxy evolution is predicated on a small subset of the galaxy population. Studying the properties and stellar
populations of LSB galaxies will be essential to complete the whole picture of how the Universe evolves.
Deep imaging studies will also allow to tackle historically open questions in astronomy such as the missing
satellite problem. LSB galaxies could be the perfect candidates to close the gap between simulations and
observations (e.g. Moore et al. 1999).

Models predict that all galaxies are surrounded by a network of ultra-LSB filaments and streams, relics of
past merger events that shaped the galaxies we see today (e.g. Duc 2015). These very faint tidal features,
undetectable in past wide-area surveys, are mainly produced by minor mergers, a direct consequence of
the aforementioned fact that low-mass galaxies far outnumber their massive counterparts (e.g. Kaviraj et
al. 2010). The LSB Universe plays a crucial role in understanding the precise details of the hierarchical
building up of cosmological structure formation and the nature of dark matter. This faint regime will allow
for a comprehensive analysis of the stellar halos properties in galaxies and the faint stellar structures around
them to track back their mass assembly history and place constraints on the properties and nature of the
galaxy’s dark matter halo.

In a larger scale framework, the formation and evolution of clusters of galaxies can be also better understood
with the contribution of LSB science. Deep observations have shown that there is an excess of light around
the brightest cluster galaxies (BCGs) that extends up to large radius. This light is form by stars unbound from
their host galaxies due to interactions and is known as the intracluster light (see Mihos 2016, Montes 2019,
for reviews). The ICL is a fossil record of the interaction a system has undergone, providing an holistic view
of the past merger activity of the cluster (e.g. Merritt 1984). Simulations have shown that the IGL is a key in
the evolution of galaxy clusters as when this component is considered, the growth rate of BCGs better agree
with observations (e.g., Conroy et al. 2007; Contini et al. 2019). The IGL has also been proposed as a good
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luminous tracer of the dark matter distribution in clusters of galaxies (Montes & Trujillo 2019). However,
the extremely faint nature of this light component results in a lack of reliable detections and very limited
studies with very limited samples (1-20 clusters) on its nature (e.g, Mihos et al. 2005, Zibetti et al. 2005,
Montes & Trujillo 2014, Iodice et al. 2017, DeMaio et al. 2018, Montes, Brough, et al. 2020). A detailed
study of the ICL stellar populations at different redshifts will allow us to infer the properties of the galaxies
from which the ICL accreted its stars and main mechanisms on the formation of this component.

The big questions

Big Question 1

Do LSB observations agree with numerical predictions on the amount and properties of dark matter
substructures?

Big Question 2

What constraints do tidal features provide on the mass assembly history of their host galaxies?

Big Question 3

Can we constrain the accretion history of clusters by understanding the nature of the Intracluster light?

What KWFI can do for this science case

The game-changing blue sensitivity over wide fields provided by the Keck Wide-Field Imager (KWFI),
combined with the power of a 10 meter-class telescope, will allow to detect extremely low surface brightness
features in large scale structures while analysing a wide range of stellar populations in unprecedented detail.
KWFI can quickly reach the goal depth of current ‘Ultra Deep’ surveys and will break new ground, reaching
an unprecedented m ∼ 29 mag, 5f, in u g r filters in ∼ 5, ∼ 3, ∼ 13 hrs respectively over its wide 1
degree diameter field. This makes KWFI ideal to detect low-surface brightness, ultra-diffuse, and ultra-faint
galaxies, stellar streams and shells (Fig. 1).

Figure 1: Left: Colour composite image around the galaxy NGC 1042 using r and r Sloan filters from Trujillo et
al. 2021. The white pixels correspond to the sky region while the darker pixels are the brightest regions. North is up
and east to the left. This image was obtained with the LBC camera (FOV 23’×25’) of the 2×8.4m Large Binocular
Telescope (LBT), with a total of 1.5 hours on source. This is part of the LBT Imaging of Galactic Halos and Tidal
Structures (LIGHTS) survey where they reach a depth of ∼31 mag arcsec−2 (3f in 10”×10”boxes). This shows the
potential of KWFI as in less that those 1.5 hours on source will obtain equivalent images but with a FOV twice
the size of this image and almost two times better spatial resolution. Right: Same image of the galaxy NGC 1042
at three different surface brightness limiting depths (3f; 10”×10”): SDSS ∼26.9 mag arcsec−2 (r-band), Dragonfly
∼28 mag arcsec−22 (r-band) and LBT ∼30.5 mag arcsec−2 (r-band).
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Figure 2: Observing strategy of Trujillo& Fliri 2016
observing with the 10.4 m Gran Telescopio de Ca-
narias (GTC) using the OSIRIS camera (FOV of
7.8’x8.5’). They spend 8.1 hours on source to reach
surface brightness fainter than ∼31.5 mag arcsec−2

(3f in 10”×10”boxes; r-band). This is perfectly
achievable with KWFI but in a much larger FOV.

However, the surface brightness limit of an image is not only determined by photon statistics or by spatial
resolution, but also by a long list of systematic errors such as internal reflections and scattering, which can
be variable and/or difficult to control and account for (Slater et al 2009). These systematic errors can be
reduced by using relatively simple imaging systems with fewer internal reflections (see e.g., Abraham &
van Dokkum 2014). Certainly, this is the case of the very simple optical design of KWFI. In addition,
the influence of ghosting can be accounted for by using optimal observation strategies. So far, the most
convenient strategy is a combination of dithering and rotation patterns with a step size similar to or larger
than the size of the main object under study (e.g., Trujillo & Fliri 2016; Fig. 2). This allows the target to
never occupy exactly the same physical area of the CCDs and avoids the repetition of a similar orientation
of the camera on the sky. This helps with the estimation of an accurate background map around bright
and extended galaxies. In LSB studies is also crucial to model the contribution of the scattered light as it
becomes a source of light that significantly contributes at brightnesses fainter than ∼28 mag arcsec−2 (Slater
et al. 2009, Trujillo & Fliri 2016, Martinez-Lombilla & Knapen 2019) and it is not only related to the point
sources (the stars) but also to the light of extended objects (Sandin 2014, 2015). To this aim, a camera
rotator is an important component to be considered in the design of KWFI.

KWFI will be powerful to map galaxy cluster ICL, stellar halos, and galaxy satellites to ∼10 Mpc, including
their density and substructure. Deep, wide-field u-band is crucial to globular cluster selection, a key
component to study stellar halos and properties of LSB galaxies (e.g., van Dokkum et al. 2018, 2019;
Montes et al. 2020). As bright tracers of galaxy halo chemodynamics and accretion histories, KWFI will
compile an unprecedented census in all galaxy types and environments beyond our local group. The high
blue sensitivity together with the great spatial resolution of KWFI, allow to estimate the ages andmetallicities
of the stellar populations in other LSB structures such as tidal features or ICL. HU narrowband imaging at
these depths provide details on the star forming regions and star formation rates and provide unprecedented
details on the study of the outer regions of nearby galaxy disks (see Martinez-Lombilla et al. 2019).

The above considerations mandate a large field of view. Currently, most targets will ‘fit’ in ∼0.8 deg2 (but
see below on regions around the targets), with some larger targets requiring tiling (e.g., 10+ deg2 for the
Virgo cluster). Examples include nearby galaxies such as M101 (∼42 × 42 arcmin2 for the galaxy and ∼1
deg2 for the group), M31 (a few deg2), NGC 2043 (∼30 × 20 arcmin2) or galaxy groups such as M81 (a few
deg2; Fig. 3 & 4) or NGC 1023 (a few deg2 with some interesting individual galaxies). Each system requires
space around it to study known and new substructures. Thus, a larger field of view will help discover outer
features around galaxies that have not been uncovered to date, especially as KWFI will reach deeper flux
limits than has been previously possible, and in the blue. Finally, star-counting studies in the outskirts of
nearby galaxies such as those above and M33 are examples of very interesting LSB science, as it allows the
determination of ages and metallicities of the stellar populations in those external regions, as well as deep
H-alpha narrowband imaging to explore the extended disks and tidal features in these systems.
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Figure 1. A deep, wide-field (⇠65 kpc⇥ 75 kpc) g-band mosaic of the M81 Group, taken with Subaru HSC. A logarithmic
stretch was used. The three primary interacting group members are labeled (M81, M82, and NGC 3077). The visible dark
patches around the three galaxies, as well as bright stars, are the result of chip bleeds. The M81 Group is located behind a
region of significant galactic cirrus, visible as patches of scattered light. This widespread cirrus impedes the inference of stellar
halo properties through integrated light alone.

events, encoding the properties of these events long after
their impact has been all-but-erased from typical obser-
vational diagnostics within the galaxy. Taking advan-

tage of their close proximity, the stellar halos of the
Milky Way (MW) and the Andromeda galaxy (M31)
have been studied in exquisite detail, from their stel-

lar populations (e.g., Bell et al. 2008, 2010; Ibata et al.
2014; Gilbert et al. 2014; Williams et al. 2015), to their
structure (e.g., Ibata et al. 2001; Carollo et al. 2010;

Deason et al. 2011) and kinematics (e.g., Kafle et al.
2012; Gilbert et al. 2018).

The stellar halos of a number of MW-mass galax-

ies in the Local Volume (LV) have also been studied in
detail. As stellar halos of MW-mass galaxies are both
large (⇠100 kpc) and di↵use (µV > 28 mag arcsec�2),

there are several approaches which have been taken: (1)
deep integrated light surveys (e.g., Merritt et al. 2016;
Watkins et al. 2016), (2) deep ‘pencil beam’ Hubble
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Figure 10. Near-infrared SB profile along M81’s minor axis,
combining WISE W1 (Jarrett et al. 2019), which probes
M81’s interior, with the outer resolved star profile obtained
from this work. Corresponding stellar mass density is shown
on the right axis (see § 5.2 for conversion of µW1 to ⌃?). Star
counts have been converted to W1 using our adopted fiducial
isochrone model (10 Gyr, [Fe/H] =�1.2; see § 5.1.1). Black
points show the W1 measurements, while blue points show
this work and the three gray points show inner GHOSTS
measurements. A smooth, integrated profile is fit to the total
profile and shown in red, for visual e↵ect.

with the GHOSTS measurements, our Subaru profile ap-

pears to be ⇠0.05 mag bluer than the GHOSTS profile,

though with much less scatter. To ascertain the origin of
this discrepancy, we measured the average color in each

of the overlapping GHOSTS field regions. Though there

is considerable scatter, due to the low number of RGB-

like sources detected in regions as small as the ACS and

WFC3 fields, we confirm that, on average, the median

colors measured with Subaru in each GHOSTS field ex-
hibit the same ‘blue bias’ observed in the ASTs (§ 4.1).

The average Subaru-measured colors in each GHOSTS

field, corrected for the 0.08 mag ‘blue bias’ between Sub-

aru and GHOSTS, are shown in dark gray. These mea-

surements agree much better with the original GHOSTS

measurements, suggesting that the di↵erence in the pro-

files is due to GHOSTS narrow and more stochastic cov-

erage of M81’s minor axis, compared to the global view

provided by Subaru.

We recover the GHOSTS measurement of a ⇠flat

profile at R& 20 kpc, g�i' 1.68. However, we also ob-

serve a distinct negative color gradient for R. 20 kpc,

which is not due to the e↵ects of crowding, which we ob-

serve to have no color-dependence in our AST analysis

(§ 4.1). This gradient smoothly connects the flat region

of the profile to a single inner GHOSTS field (10 kpc),

observed by Monachesi et al. (2013, 2016a), which is

much redder than the outer fields. At first seemingly

a ‘jump’ in the profile, when combined with our Sub-

aru observations, this inner field measurement appears

to confirm that M81 possesses a steep minor axis color

gradient within 20 kpc.
To estimate how this translates to metallicity,

we use model HST–SDSS color–color tracks (§ 4.1.2)

to convert our average g�i colors to metallicity, us-

ing the calibration of Streich et al. (2014). Though

this conversion is somewhat uncertain, it is hearten-

ing that the outer portion (i.e. >20 kpc) of our halo

profile matches the previous estimate of [M/H] =�1.2

(Durrell et al. 2010; Monachesi et al. 2013), which used

deep HST data reaching the ‘Red Clump’, almost ex-

actly. With this metallicity calibration, we estimate

that the ⇠0.22 mag change in color from 10–20 kpc cor-

responds to a ⇠0.51 dex change in [M/H], from ⇠�1.2

to ⇠�0.69. This yields a metallicity gradient of slope

⇠�0.05 dex kpc�1 inside 25 kpc — 5⇥ steeper than the

global metallicity profile of M31, and comparable to

M31’s inner 25 kpc (Gilbert et al. 2014).

While this is the first observed case of such a dis-

tinct break in the color/metallicity profile of a MW-mass

galaxy, galaxies with similar metallicity profiles to M81

— i.e. displaying negative initial gradients, which flat-

ten at large radii — have been observed in simulations

(e.g., Monachesi et al. 2019). However, it is very rare to
find even a simulated galaxy with such a sharp transi-

tion at < 30 kpc. We discuss two possible origins of this

steep color profile in § 6.

5.2. The Global Stellar Halo of M81

While M81’s minor axis is a window onto its past

accretion history, the global halo properties provide a

window onto the current interaction. We first present

the globally resolved populations in M81’s halo and con-

duct a census of stellar mass (§ 5.2.1), followed by an

accounting of the tidal debris around M82 and NGC

3077, and how it impacts M81’s current halo properties

(§ 5.2.2).

5.2.1. Stellar Populations and Stellar Mass

In Figure 12 we present a global map of resolved

RGB stars in M81’s halo. Each star has been color-

coded by its best-fit photometric metallicity, rather

than g�i color, as metallicity is the more intuitive

(while uncertain) quantity, and is more directly com-

parable to other similar datasets. For this result,

we estimate metallicity for each individual star, using

a grid of PARSEC isochrones (Bressan et al. 2012),

Age = 10 Gyr, ranging from [M/H] =�2 to 0 with steps

Figure 3: Left: A deep, wide-field (∼65 × 75 kpc) g-band mosaic of the M81 Group, taken with Subaru HSC. A
logarithmic stretch was used. The three primary interacting group members are labelled (M81, M82, and NGC 3077).
The visible dark patches around the three galaxies, as well as bright stars, are the result of chip bleeds. Right: Near-
infrared Surface Brightness profile along the minor axis of M81, combining WISE W1 probing the galaxy interior,
with the outer resolved star profile obtained from the Subaru HSC imaging. Corresponding stellar mass density is
shown on the right axis. Star counts have been converted to W1 using our adopted fiducial isochrone model (10 Gyr,
[Fe/H] = −1.2). Black points show the W1 measurements, while blue points show Subaru star counts, and the three
gray points show inner GHOSTS measurements. A smooth, integrated profile is fit to the total profile and shown in
red, for visual effect.
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Figure 13. Stellar mass density map of the M81 Group. The map has been logarithmically scaledand color-coded according
to the bar on the right. Density was calculated for each ⇠1 kpc2 pixel, and converted to stellar mass according to § 4.1.1 and
§ 5.2.1. The interior regions of M81, M82, and NGC 3077, where the data were too crowded to detect individual stars with
Subaru (see Figure 12), were filled in using calibrated Ks images from the 2MASS Large Galaxy Atlas (Jarrett et al. 2003),
which were re-binned to ⇠1 kpc physical resolution. The final map was lightly smoothed with a 0.5 kpc Gaussian kernel. The
final map spans an impressive four orders of magnitude in mass density. White dashed circles show the estimated tidal radii of
M82 and NGC 3077. We count all material outside of these circles as unbound, to estimate the total current accreted mass of
M81 (§ 5.2.2)

.

where rtid is the tidal radius, R is the separation between
the central and the satellite adjusted for projection (i.e.
R =

p
3 Rproj), M?,sat is the stellar mass of the satellite,

and Menc(R) is the total mass of the central enclosed
within R. To estimate Menc(R), we adopt the familiar

approximation for a flat rotation curve,

Menc(R) =
v2
c R

G
, (6)

where we have taken vc = 230 km s�1 from M81’s H I ro-
tation curve at 10 kpc (de Blok et al. 2008).
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Figure 14. Density image of RGB stars, with intensity mapped to stellar density, where each ‘channel’ represents stars in three
bins of metallicity: [Fe/H]⇠�0.8 (red), [Fe/H]⇠�1.2 (green), and [Fe/H]⇠�1.8 (blue). Each channel was smoothed using first
a tophat filter of size ⇠20 kpc (to bring out substructure), and then a Gaussian filter of width ⇠1 kpc. The interiors of M81,
M82, and NGC 3077 have been filled with to-scale images from HST (credit: NASA, ESA, and the Hubble Heritage Team).

The projected separations from M81 of M82 and
NGC 3077 are 39 kpc and 48 kpc, respectively, and
their stellar masses are 2.8⇥1010 M� and 2.3⇥109 M�
(S4G; Sheth et al. 2010, Querejeta et al. 2015). Tak-
ing vc = 230 km s�1, this yields projected tidal radii of
10 kpc for M82 and 8.2 kpc for NGC 3077. Circles with
radii equal to these tidal radii are shown in white on Fig-
ure 13. We then consider all material outside of these
circles to be unbound. This amounts to 2.12⇥108 M�
around M82 and 3.36⇥108 M� around NGC 3077 — a
total of ⇠5.4⇥108 M�, which is a substantial fraction of

M81’s integral past accreted mass (⇠109 M�). Taking a
mass-weighted average metallicity of this material yields
[Fe/H]'�0.9 — significantly more metal-rich than the
rest of the halo.

Figure 14 combines Figures 12 and 13. The
mass-density map is divided into three average metal-
licity channels: [Fe/H]⇠�0.8 (red), [Fe/H]⇠�1.2
(green), and [Fe/H]⇠�1.8 (blue). Each channel is then
intensity-weighted and combined into a three-channel
color image. This figure highlights the visual impact
that the massive and metal-rich debris around M82 and

Figure 4: Left: Stellar mass density map of theM81Group. Themap has been logarithmically scaled and color-coded
according to the right bar. Density was calculated for each ∼1 kpc2 pixel and converted to stellar mass. The interior
regions of M81, M82, and NGC 3077, where the data were too crowded to detect individual stars with Subaru were
filled in using calibrated Ks images from the 2MASS Large Galaxy Atlas (Jarrett et al. 2003) re-binned to ∼1 kpc
physical resolution. The final map was lightly smoothed with a 0.5 kpc Gaussian kernel and spans an impressive four
orders of magnitude in mass density. White dashed circles show the estimated tidal radii of M82 and NGC 3077. All
material outside of these circles is counted as unbound, to estimate the total current accreted mass of M81. Right:
Density image of RGB stars, with intensity mapped to stellar density, where each ‘channel’ represents stars in three
bins of metallicity: [Fe/H] ∼ −0.8 (red), [Fe/H] ∼ −1.2 (green), and [Fe/H] ∼ −1.8 (blue). Each channel was smoothed
using first a tophat filter of size ∼20 kpc (to bring out substructure), and then a Gaussian filter of width ∼1 kpc. The
interiors of M81, M82, and NGC 3077 have been filled with scaled HST images (credit: NASA, ESA, and the Hubble
Heritage Team).
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