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Overview

• Basic terminology

• Importance of Stellar Pops

• Possible scientific applications 
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Importance of Stellar Pops

• Ground truth for “subgrid physics”


- age, energy input, ISM, metallicity, SFR, dust, 
integrated luminosity, SN remnant masses, IMF


• Non-dissipative tracer of large-scale 
interactions!

• Necessary to test connections between 
baryonic and dark matter in small galaxies
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Figure 2. CMD of all stars along the line of sight in the HST/ACS observations (left). The photometry reveals three distinct populations; the main sequence and white
dwarf cooling sequence of the foreground Milky Way globular cluster 47 Tuc (gray points), and the main sequence of the outskirts of the background SMC dwarf
galaxy (e.g., the middle sequence—darker points). With a 50% completeness limit of F606W = 29.9 (see Section 3.3), this imaging represents the deepest probe of
the SMC’s populations to date. The inset panel presents a closer view of the faintest stars on the lower SMC main sequence (dark points) and 47 Tuc white dwarf
cooling sequence (gray points). The red curve illustrates a stellar isochrone with [Fe/H] = −1.1 and t = 7 Gyr (Dotter et al. 2008), at a distance of (m − M)0 =
19.1 ± 0.1 (determined directly, as described in Section 3.2). The proper-motion selected SMC population, down to the limit of the data, is shown as darker points in
the left panel, and reproduced down to F606W = 28.6 in the middle panel. As discussed in Section 3.4, we simulate the SMC population by drawing stars from an
IMF and convolving them with (1) a range of mass–luminosity relations appropriate for the SMC halo, (2) binaries, (3) photometric scatter in the observations, and
(4) incompleteness in the observations. An example of the simulated CMD, for an IMF with form dN/dM ∝ M−1.90, is shown in the right panel.
(A color version of this figure is available in the online journal.)

the SMC based on RR Lyrae stars (e.g., top-left panel of Figure 5
in Haschke et al. 2012).

In Figure 2, we illustrate a stellar isochrone with [Fe/H] =
−1.1 and t = 7 Gyr superimposed on the observed SMC
population. The isochrone is our best fit to the data, and nicely
reproduces the main sequence, turnoff, subgiant branch, and
red giant branch. According to this mass–luminosity relation,
the faintest detected SMC stars at F606W = 30.5 have M =
0.17 M⊙. The “thickness” of the SMC main sequence indicates
that the stellar population is both cospatial and contains only a
small metallicity spread. For example, a direct comparison of the
SMC sequence to that of 47 Tuc (a simple stellar population) on
the same CMD indicates almost no additional broadening other
than what is expected from photometric scatter (and binaries).
Formally, we can rule out models with metallicities that fall
outside of −1.4 < [Fe/H] < −1.0 given the combined high-
precision HST observations of the SMC lower main sequence
and red giant branch. To account for this small metallicity spread

in our derivation of the stellar IMF, our analysis below uses
stellar isochrones (e.g., mass–luminosity relations) populated
within this range.

Before continuing, we note that the age and metallicity of this
remote population in a disturbed galaxy is interesting to study in
its own right, for example, to establish the level of interaction-
driven star formation and to constrain halo assembly models.
The morphology of the main-sequence turnoff in the cleaned
photometry of Figure 2 (left) shows multiple splittings, and
so even this remote field of the SMC halo is not coeval. The
brighter main-sequence turnoffs and subgiant branches extend
to F606W ∼ 21.2, with the most dominant population having
t = 4.5 Gyr based on the same grid of stellar models. To avoid
any biases from missing massive stars that have evolved in the
younger populations, our analysis will only include stars on the
SMC main sequence that are fainter than the oldest turn-off.
At such old ages, the relation between mass and luminosity for
these unevolved stars has a negligible dependence on age.
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Figure 4. Distribution of χ2 from the fit of power-law IMFs to the ob-
served SMC luminosity function. The minimum occurs at α = −1.90 (+0.15

−0.10)
(3σ error), and the χ2 per degree of freedom for this fit is 0.86.

M = 0.37–0.93 M⊙ (black curve). Figure 5 also illustrates two
power-law IMFs with slopes that bracket the best-fit value as
gray curves. This includes a shallower slope of α = −1.35
(smaller counts at faint magnitudes) and the Salpeter slope of α
= −2.35, neither of which agrees with the data.

In this analysis, the observed luminosity function of the SMC
is fit down to F606W = 28.6 (e.g., the limit shown in Figure 2).
Below this limit, the data indicate some evidence for a turnover
in the luminosity function that is inconsistent with an extension
of this power law (e.g., the open circle points in the last two
bins). It is difficult to constrain the slope of the mass function
that matches these data given the limited leverage in stellar mass.
Therefore, we stress that our primary result of an IMF with form
dN/dM ∝ M−1.90 is only valid down to M = 0.37 M⊙, and
should not be extrapolated to lower masses.

4. DISCUSSION

The derivation of the stellar IMF at M < 1 M⊙ gives a best-
fit slope that is slightly shallower than a Salpeter IMF, which
itself has had success in reproducing the observed luminosity
function of nearby populations (the Salpeter 1955 result of α =
−2.35 is valid down to M = 0.4 M⊙). More importantly, the
nature of our study provides excellent leverage to constrain the
shape of the IMF over a continuous mass range with M !
1 M⊙, and is based on >5000 stars. Several previous studies
have suggested that the IMF exhibits a “break” within this
mass range. For example, the Chabrier (2003) log-normal IMF
exhibits a shallow turnover in this mass range, the Kroupa (2001)
power-law IMF indicates a slope change from −2.3 to −1.3 at
M = 0.5 M⊙, and the Reid et al. (2002) analysis suggests that
a break from a steeper IMF occurs at M = 0.7–1.1 M⊙. More
recently, Bochanski et al. (2010) measured the IMF using multi-
band photometry from the Sloan Digital Sky Survey (SDSS)
over 8400 deg2 (∼15 million stars), and found that the stellar
distribution between M = 0.32–0.8 M⊙ is consistent with a
single power law (α = −2.4) and is significantly shallower

Figure 5. Deep luminosity function of the SMC from our HST/ACS observations is illustrated with blue points and error bars, along with three of the simulated
luminosity functions based on different input IMFs (black and gray curves). The simulations are produced as described in Section 3.4. We obtain an excellent fit to the
observations over the entire luminosity range extending from below the main-sequence turnoff to F606W = 28.6 with a single power law. The best-fit IMF slope over
this range, from M = 0.37–0.93 M⊙, is α = −1.90 (black curve). For comparison, the two gray curves illustrate IMFs with α = −1.35 (lower counts at low masses)
and −2.35 (the Salpeter IMF; higher counts at low masses). Fainter than F606W = 28.6, the observed SMC luminosity function shows a turnover which would not
be reproduced by an extension of the α = −1.90 power law.
(A color version of this figure is available in the online journal.)
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Figure 1. The CMD of each UFD in our sample (black points). For reference, we show the empirical ridge line for the MS, SGB, and RGB in M92 (green
curve), along with the HB locus in M92 (green points). The M92 fiducial has been placed at the distance and reddening for each galaxy (Table 1), matching
the luminosity of HB stars and the color of the lower MS stars. Because the CMD of each galaxy looks, to first order, like that of a ancient metal-poor globular
cluster, the stellar population of each galaxy is dominated by ancient metal-poor stars. The CMDs of these galaxies are all extremely similar to one another,
implying they have similar stellar populations and star formation histories.

fitting, we degrade the synthetic spectra to the DEIMOS reso-
lution. We excise wavelength regions affected by telluric con-
tamination, strong sky emission lines, and regions improperly
synthesized due to NLTE effects (Ca triplet and Mg I λ8807).

2.2.3. Metallicities

We determine the best-fitting Teff and [Fe/H] values simul-
taneously from χ2 minimization of the pixel-by-pixel flux dif-
ference between the observed spectra and the synthetic grid,
using only spectral regions sensitive to variations in Fe abun-
dance. We separately fit [α/Fe] using regions sensitive to Mg,
Si, Ca, and Ti variations. We then refit the Fe abundance while
fixing [α/Fe].

The uncertainty in [Fe/H] includes two components. The
random component is the 1σ error in [Fe/H] from the χ2

fitting, accounting for the non-zero covariance between Teff
and [Fe/H]. A systematic error floor of 0.11 dex is added in
quadrature to the random errors for individual stars. It reflects
the non-vanishing difference between DEIMOS and high-
resolution [Fe/H] measurements in the limit of very small ran-
dom errors (high SNR). We refer the reader to Kirby et al.
(2010) and Vargas et al. (2013) for an in-depth description of
the analysis.

2.2.4. Membership

We determined the membership status of stars in each sam-
ple using a refined version of the approach adopted by Si-
mon & Geha (2007) and Simon et al. (2011), in which all of
the available data for each star, including its velocity, color,
magnitude, metallicity, position, and spectrum, were exam-
ined by eye. Photometry was extracted from Sloan Digital
Sky Survey (SDSS) Data Release 9 (Ahn et al. 2012) or Data
Release 10 (Ahn et al. 2014) for each galaxy, and for the par-
ticularly sparse UFDs Leo IV and CVn II, we supplemented
the SDSS data at faint magnitudes with photometry from Sand
et al. (2010) and Sand et al. (2012), respectively. For Boo I,
Com Ber, Hercules, and UMa I, the photometric selection was
based on an r,g− i CMD and an M92 fiducial sequence in sim-
ilar bands from Clem (2006). For Leo IV, Sand et al. (2010)
provide much deeper photometry in g and r, so we used an
r,g− r CMD and the corresponding M92 fiducial track. For
CVn II, the Sand et al. (2012) photometry is in V and I, so
we transformed the SDSS magnitudes to those bands with the
relations derived by Jordi et al. (2006) for metal-poor stars
and compared to a theoretical isochrone (Dotter et al. 2008)
for an age of 12 Gyr and [Fe/H]= −2.21, which matches the
RGB well. For Hercules, we also made use of the Ström-
gren photometry from Adén et al. (2009) to separate RGB
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Fig. 5.— The power law slope, α, plotted against galaxy velocity dispersion (left), metallicity [Fe/H] (middle) and the observed stellar mass
range (right). Data are taken from the same sources as Figure 4. The dotted line in the middle panel is an empirical relationship suggested by
Kroupa (2001) with a zero-point shift to fit these data. Indirect measurements are shown for elliptical galaxies from Conroy & van Dokkum
(2012). A trend is seen in the sense of shallower, more bottom-light IMF slopes towards less massive and more metal-poor galaxies.

gest that roughly half of solar neighborhood K-dwarf
systems are binary; a recent analysis by Raghavan et al.
(2010) find a solar neighborhood binary fraction for FGK
stars of 0.46±0.02. This is in remarkable agreement with
our UFD binary fractions, despite the significantly lower
metallicity environment of the UFDs as compared to the
solar neighborhood. While noting that binary fractions
as high as fbinary = 0.68 are allowed within our 1−σ lim-
its for Hercules, the best-fitting binary fractions appear
to be a more ’universal’ property than the slope of the
IMF (Marks & Kroupa 2011).

4. IMPLICATIONS OF A SHALLOW IMF IN THE UFDS

The two UFDs presented have shallower IMF slopes in
the stellar mass range 0.52−0.77M⊙ than expected from
a Salpeter or Kroupa IMF and are marginally shallower
than a Chabrier IMF over the observed mass range. This
difference is seen visually in Figure 3. For an IMF slope
α = 2.3, we would have expected to observe 2900 stars as
compared to the 2380 stars observed for Hercules with an
inferred IMF slope of α = 1.2. Many properties of the
UFDs have been calculated assuming a standard IMF.
Our results have implications for the stellar mass, mass-
to-light ratio supernova rates and formation models of
these low luminosity systems.
Martin et al. (2008) calculated the stellar mass of Her-

cules and Leo IV assuming both a Kroupa and Salpeter
IMF. Since the Kroupa IMF has a shallower IMF slope
below 0.5M⊙, the resulting total stellar masses are 50%
that of a Salpeter IMF. If we instead use our IMF
to determine stellar mass, assuming that a power law
slope of α = 1.3 applies over the full mass spectrum,
our calculated stellar masses have 40% the mass of a
Salpeter IMF. Alternatively, the best-fit log-normal fit
withmc = 0.4M⊙ has 44% the stellar mass as a Chabrier
IMF with mc = 0.2M⊙.
Shallower IMF slopes have implications for models of

UFD galaxy formation. An IMF is assumed in calcu-
lating the amount of available supernova energy which
is an important physical process in many galaxy forma-

tion models (e.g., Governato et al. 2012; Wyithe & Loeb
2013; Teyssier et al. 2013), particularly for dwarf galax-
ies. The magnitude of this effect depends in large part
on the behavior of the IMF outside our observation win-
dow. If the shallow slope measured at low masses applies
across the whole mass spectrum, the number of super-
novae expected per luminous star would increase over
a Salpeter or Kroupa IMF. Assuming a Milky Way-like
IMF for the UFDs under-estimates the effects of super-
nova feedback.

5. COMPARISONS TO OTHER IMF STUDIES

The IMF has been measured via direct star counts
in the stellar mass range 0.5 to 0.8M⊙ for five distinct
galaxies: the Milky Way, SMC, Ursa Minor, and the two
UFDs presented here. As discussed in § 3.1, we directly
compare the observed mass functions for these systems
in Figure 4. We next compare the published analytic fits
to the IMF, focusing for simplicity only on the power law
slope (α).
In Figure 5, we plot the power-law IMF slope as a

function of the galactic velocity dispersion (σ), average
metallicity ([Fe/H]) and stellar mass range over which
each measurement was made. The velocity dispersion
and metallicity of our UFDs are given in Table 1. The
SMC IMF results are taken from Kalirai et al. (2013),
with the galactic velocity dispersion and metallicity from
Harris & Zaritsky (2006). IMF results for the Ursa Mi-
nor dwarf galaxy are from Wyse et al. (2002), with the
galactic velocity dispersion from Wolf et al. (2010) and
metallicity from Kirby et al. (2011). While Wyse et al.
(2002) do not provide an error bar on the IMF slope, we
calculate this value by fitting a linear function to the data
shown in Figure 4. For the Milky Way, we use the fitted
IMF values from Bochanski et al. (2010) based on a sam-
ple of Milky Way field dwarfs spanning [Fe/H] = −0.1
to −0.6. We plot the Milky Way at a velocity dispersion
of 220/

√
2 km s−1, assuming the disk is embedded in an

isothermal halo (Burstein et al. 1997).
Figure 5 shows a clear trend in the IMF power law slope
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Figure 1. The CMD of each UFD in our sample (black points). For reference, we show the empirical ridge line for the MS, SGB, and RGB in M92 (green
curve), along with the HB locus in M92 (green points). The M92 fiducial has been placed at the distance and reddening for each galaxy (Table 1), matching
the luminosity of HB stars and the color of the lower MS stars. Because the CMD of each galaxy looks, to first order, like that of a ancient metal-poor globular
cluster, the stellar population of each galaxy is dominated by ancient metal-poor stars. The CMDs of these galaxies are all extremely similar to one another,
implying they have similar stellar populations and star formation histories.

fitting, we degrade the synthetic spectra to the DEIMOS reso-
lution. We excise wavelength regions affected by telluric con-
tamination, strong sky emission lines, and regions improperly
synthesized due to NLTE effects (Ca triplet and Mg I λ8807).

2.2.3. Metallicities

We determine the best-fitting Teff and [Fe/H] values simul-
taneously from χ2 minimization of the pixel-by-pixel flux dif-
ference between the observed spectra and the synthetic grid,
using only spectral regions sensitive to variations in Fe abun-
dance. We separately fit [α/Fe] using regions sensitive to Mg,
Si, Ca, and Ti variations. We then refit the Fe abundance while
fixing [α/Fe].

The uncertainty in [Fe/H] includes two components. The
random component is the 1σ error in [Fe/H] from the χ2

fitting, accounting for the non-zero covariance between Teff
and [Fe/H]. A systematic error floor of 0.11 dex is added in
quadrature to the random errors for individual stars. It reflects
the non-vanishing difference between DEIMOS and high-
resolution [Fe/H] measurements in the limit of very small ran-
dom errors (high SNR). We refer the reader to Kirby et al.
(2010) and Vargas et al. (2013) for an in-depth description of
the analysis.

2.2.4. Membership

We determined the membership status of stars in each sam-
ple using a refined version of the approach adopted by Si-
mon & Geha (2007) and Simon et al. (2011), in which all of
the available data for each star, including its velocity, color,
magnitude, metallicity, position, and spectrum, were exam-
ined by eye. Photometry was extracted from Sloan Digital
Sky Survey (SDSS) Data Release 9 (Ahn et al. 2012) or Data
Release 10 (Ahn et al. 2014) for each galaxy, and for the par-
ticularly sparse UFDs Leo IV and CVn II, we supplemented
the SDSS data at faint magnitudes with photometry from Sand
et al. (2010) and Sand et al. (2012), respectively. For Boo I,
Com Ber, Hercules, and UMa I, the photometric selection was
based on an r,g− i CMD and an M92 fiducial sequence in sim-
ilar bands from Clem (2006). For Leo IV, Sand et al. (2010)
provide much deeper photometry in g and r, so we used an
r,g− r CMD and the corresponding M92 fiducial track. For
CVn II, the Sand et al. (2012) photometry is in V and I, so
we transformed the SDSS magnitudes to those bands with the
relations derived by Jordi et al. (2006) for metal-poor stars
and compared to a theoretical isochrone (Dotter et al. 2008)
for an age of 12 Gyr and [Fe/H]= −2.21, which matches the
RGB well. For Hercules, we also made use of the Ström-
gren photometry from Adén et al. (2009) to separate RGB
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Figure 12. Same as Figure 11, only now we include corrections to the model predictions for TP-AGB and RHeB fluxes. RHeB flux contributions are increased by
a factor of two, while the TP-AGB contributions are reduced by a similar factor compared to the 2010 Padova models. The overall contribution of massive stars to
the F160W flux is only reduced slightly from a peak of 80% in Figure 11 to a peak of 70% here. However, the makeup of the population has changed dramatically.
Now the RHeB contribution dominates or is comparable to the TP-AGB contribution for much of the observed time period, except for late times in the extended burst
model. This has significant implications for SEDs of galaxies at high redshift. While TP-AGB stars preferentially increase the NIR-to-optical flux ratio of a population,
RHeBs are significantly bluer. In addition, RHeB are often accompanied by similar numbers of blue HeBs (McQuinn et al. 2011). Therefore RHeBs and their blue
counterparts are likely to increase both the optical and NIR luminosities of galaxies, and lower their M/L ratios across the full SED. Also shown are the NIR M/L
ratios of these model galaxies (bottom). The M/L ratio varies rapidly by over a factor of 10 between z = 5 and 2 for the extended burst model (and by roughly a factor
of ∼7 for a constant SFR). To emphasize how these populations can rapidly change the M/L ratio of a population we now also show a multi-burst model (right). In
the multi-burst model the M/L ratio oscillates by a factor of two as the bursts turn on and off. The amplitude of this oscillation would be even larger for larger burst
strengths or longer quiescent periods between bursts. Note that the widths of the spikes in the sand diagram for the multi-burst model (right, middle) are artificially
wide because of the course redshift sampling.
(A color version of this figure is available in the online journal.)

both the optical and NIR, these helium burning stars necessitate
a lower M/L ratio across all wavelengths. The current AGB-lite
models do not necessarily adequately capture the HeBs, and our
data suggest that they must be considered when there has been
recent star formation.

Figure 12 also shows the evolution of the NIR M/L ratio for
our example high-z SFHs (the extended burst model and the
constant SFR model) after applying approximate corrections
that increase the RHeB flux and decrease the TP-AGB flux.
For both SFHs, the M/L ratio changes rapidly, and by large
factors—over a factor of 10 between z = 5–2 for the extended
burst and a factor of seven for the constant SFR. Capturing this
rapid evolution is essential for estimating accurate stellar masses
and proper SED fitting at high-z. For example, Figure 12 shows
a multiple-burst SFH, where the M/L ratio oscillates by a factor
of roughly two as the bursts turn on and off. These oscillations
amplitudes will be even stronger if the burst strengths are larger
or the quiescent intervals are longer.

Again, we note that Figure 12 is intended to demonstrate the
consequences of the largest reasonable changes to the stellar
evolution codes, based on our observational data. If some of the
model/data differences described in the previous sections arise
from poor SFH measurements or issues with the SPS modeling,
then the changes we are describing here will be smaller than we
are reporting. A final assessment of the model/data comparison

and model updates will be provided in future papers in this
series.

5. CONCLUSIONS

We report on the contribution of evolved stars to the NIR
fluxes of 23 nearby galaxies observed with HST WFC3 (NIR)
and ACS (optical). The HST CMDs separate different phases of
stellar evolution, including the RGB, the AGB, and luminous
RHeB stars. The CMDs also provide markers of the SFHs of
each galaxy. We use the optically derived SFHs to model the
NIR CMD to the main-sequence K dwarfs. We use these models
to produce an estimate of the total 1.6 µm flux for each galaxy by
combining the observed NIR fluxes for luminous stars with the
model fluxes of fainter stars. We then calculate the contribution
of TP-AGB and RHeB stars to this total flux.

While the RHeB and TP-AGB sequences represent negligible
stellar mass, they can account for as much as 21% (or 18% after
foreground correction) and 17% (respectively) of the 1.6 µm
fluxes for these local galaxies. At higher redshift, when galaxies
do not have well-developed RGBs, RHeBs, and TP-AGB stars
are expected to produce much higher fractions of the NIR light.
At high-z, the summation of all IR luminous sources (the rare
stars brighter than the typical TRGB at that time) can be expected
to be as high as 70%, most of which comes from TP-AGB

24

AGB & RHeBs 

account for


~70% of rest-frame 

near-IR flux


at high redshifts



Rare Phases of Evolution: 

AGB & RHeB Stars

Boyer+ 2011

“SAGE-SMC: Evolved Stars” 5

Fig. 4.— J − [8] vs. M8 CMDs. Contours represent the source
density in color–magnitude space. Each of these branches is also
visible in the J − [3.6] vs. M3.6 CMD, except the aO-AGB branch.
A–G supergiants and OB-stars are identified in Bonanos et al.
(2009, 2010). See the text for identification of RSG, RGB, and
AGB stars.

respectively. This corresponds to the elimination of 120
stars from the RGB sample and 108 stars from the RSG
sample. Only 5 stars are eliminated from the AGB sam-
ple: 4 O-rich, and one C-rich.

3. STELLAR CLASSIFICATION

3.1. Color–magnitude selection of cool evolved stars

Figure 4 labels each branch in the J − [8] vs. M8
CMD. AGB stars occupy the reddest and brightest
branches, separating into O-AGB, carbon-rich stars (C-
AGB), heavily-extinguished “extreme” stars (x-AGB),
and a new feature that we are calling the anomalous O-
rich branch (aO-AGB; Section 3.1.5). RGB stars are the
most populous source type, occupying the branch just
below the AGB stars, at M8 ! −6.5 mag. RSG stars are
just to the blue edge of the O-AGB stars, though 10-µm
silicate emission captured toward the red cutoff of the
8-µm IRAC band results in redder J− [8] colors, causing
overlap between the two branches in this diagram.
The J− [8] vs M8 CMD is a good diagnostic for classi-

fying the different cool evolved stars. However, the clas-
sification accuracy is limited in stars that have strong 10-
µm silicate features, which affect the 8-µm flux. Instead,
we use the J −Ks vs. Ks CMD to separate RGB, RSG,
C-AGB, and O-AGB stars and turn to the mid-IR colors
to select x-AGB stars (which are often undetected in the
near-IR) and aO-AGB stars (which are only discernible
by their J − [8] colors). The classification schemes are
outlined below, and the results are listed in Table 2.

3.1.1. C-AGB and O-AGB stars

C-AGB and O-AGB stars are selected using color–
magnitude cuts in the J − Ks vs. Ks CMD. Any very
dusty RSG stars will be very red in J −Ks due to dust
extinction, so these sources may be included in our O-
AGB and C-AGB samples. There is no way to distin-
guish very dusty RSG stars from dusty AGB stars with
IR photometry alone, but we expect them to be uncom-
mon compared to their less-dusty counterparts.
Figure 5 shows the J −Ks color cuts from Cioni et al.

(2006a), adjusted for metallicity and distance, follow-
ing Cioni et al. (2006b) and using ZSMC = 0.2 Z⊙ and
dSMC = 61 kpc. We shift the K0 line slightly fainter

Fig. 5.— Top: J −KS CMD showing the separation of carbon-
rich and oxygen-rich AGB stars in the SMC, following Cioni et al.
(2006a,b). The J −Ks color is also used to select RSG and RGB
stars. See text. Bottom: Same as upper panel, with the selection of
C-AGB (pink), O-AGB (blue), RSG (red), and RGB (white) stars
shown in contours. The x-AGB stars are also plotted in green.

to account for the difference in the Ks-band tip of the
red giant branch (TRGB) between the SMC and LMC
and to assure that we include the full C-AGB sample.
C-AGB stars fall redward of the K2 boundary, O-AGB
stars fall between the K1 and K2 lines, and all AGB stars
are brighter than the K0 line (except x-AGB stars, see
Section 3.1.2).
To eliminate contamination from RGB stars in our

AGB sample, we exclude stars that are fainter than both
the TRGB in Ks and 3.6 µm (Fig. 5, inset). By check-
ing the TRGB at two wavelengths, we are sure not to
exclude the more heavily-extinguished stars that might
be fainter than the Ks TRGB. Ks-band TRGBs are
from Cioni et al. (2000), and the 3.6-µm TRGBs are es-
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Figure 1. Map of the PHAT survey area. The 21 PHAT bricks analyzed in this study are outlined and numbered. Each brick was
divided into 450 regions on a 15 ⇥ 30 grid, as shown for brick 2 in the inset panel. Lewis et al. (2014) derived the SFHs for all of the
⇠ 24 arcsec⇥ 27 arcsec regions.

(2014) based on data from PHAT make it possible to
broaden this type of analysis to include a wide variety of
environments in the most prominent local group spiral
galaxy.

In this study, we have used the PHAT CMD-based
SFHs and stellar population synthesis to create maps of
synthetic ultraviolet (UV) flux at sub-kpc resolution for
the northeast quadrant of M31. We then compared the
synthetic flux maps with observations from GALEX. We
have only focused on GALEX FUV and NUV (far and
near UV), though this work can easily be extended to
other wavelength regimes. In §2, we describe the SFH
dataset and the production of the synthetic flux maps.
§3 describes the process of producing observed flux maps
from GALEX FUV and NUV images. The creation of
SFR maps both from the SFHs and the observed fluxes
using common flux-SFR calibrations are described in §4.
In §5, we compare the synthetic maps with the observa-
tions and compare mean SFR maps with SFRs estimated
from observed flux. We conclude in §6.

2. SYNTHETIC UV FLUX MAPS

2.1. The spatially-resolved star formation history of

M31

The PHAT survey (Dalcanton et al. 2012) measured
multiband photometry for over 100 million resolved stars

in M31 using the Hubble Space Telescope (HST). The
PHAT survey area is shown in Figure 1. Lewis et al.
(2014) used photometry in the two optical bands (F475W
and F814W, observed with the Advanced Camera for
Surveys, ACS, instrument) to derive spatially-resolved
SFHs for the northeast quadrant of M31, excluding the
crowded bulge area. To summarize their work, each
brick (using PHAT terminology; see Figure 1) in the
PHAT survey (except bricks 1 and 3) was divided into
450 regions on a uniform 15 ⇥ 30 grid, with each region
⇠ 24 arcsec⇥27 arcsec in size. The F475W, F814W CMD
of each region was then fit using the SFH history code
MATCH (Dolphin 2002) to determine the most likely
SFH under the following assumptions:

1. The Kroupa (2001) IMF.

2. The Padova isochrones (Marigo et al. 2008) with
updated asymptotic giant branch tracks (Girardi
et al. 2010).

3. A binary fraction of 0.35 with a uniform secondary
mass distribution.

4. A distance modulus of 24.47 (McConnachie et al.
2005).

Spatially Resolved SFH of M31

Measure SFHs of

~9000 independent

100x100pc regions

from optical-only


CMDs

Alexia Lewis (UW)

5

Figure 2. Here we show example results for two di↵erent regions, one in Brick 15 sitting on a bright star-forming region (cyan, lower)
and the other in B17 in a more quiescent spot (red, upper). We have overlaid the outlines of Bricks 15 and 17 on top of a GALEX FUV
image (Gil de Paz et al. 2007). The region outlines are also shown. For each region, we show the CMD, with the color-magnitude space
we do not fit shaded in red, and the SFH back to 1 Gyr. The SFHs have been binned into 25 Myr increments below 100 Myr and 50 Myr
increments above 100 Myr, as the native time resolution (0.1 dex) allows. The gray shaded area in the SFH represents the time bins where
the SFHs are less well constrained. Both of these regions have fairly recent SF as can be seen by the well-defined MS in each CMD, though
the blue region (B15) shows ongoing and more intense SF.
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have only focused on GALEX FUV and NUV (far and
near UV), though this work can easily be extended to
other wavelength regimes. In §2, we describe the SFH
dataset and the production of the synthetic flux maps.
§3 describes the process of producing observed flux maps
from GALEX FUV and NUV images. The creation of
SFR maps both from the SFHs and the observed fluxes
using common flux-SFR calibrations are described in §4.
In §5, we compare the synthetic maps with the observa-
tions and compare mean SFR maps with SFRs estimated
from observed flux. We conclude in §6.
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in M31 using the Hubble Space Telescope (HST). The
PHAT survey area is shown in Figure 1. Lewis et al.
(2014) used photometry in the two optical bands (F475W
and F814W, observed with the Advanced Camera for
Surveys, ACS, instrument) to derive spatially-resolved
SFHs for the northeast quadrant of M31, excluding the
crowded bulge area. To summarize their work, each
brick (using PHAT terminology; see Figure 1) in the
PHAT survey (except bricks 1 and 3) was divided into
450 regions on a uniform 15 ⇥ 30 grid, with each region
⇠ 24 arcsec⇥27 arcsec in size. The F475W, F814W CMD
of each region was then fit using the SFH history code
MATCH (Dolphin 2002) to determine the most likely
SFH under the following assumptions:

1. The Kroupa (2001) IMF.

2. The Padova isochrones (Marigo et al. 2008) with
updated asymptotic giant branch tracks (Girardi
et al. 2010).

3. A binary fraction of 0.35 with a uniform secondary
mass distribution.
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Summary

• Potentially Transformative Science in LG:

- IMF and low-mass stars outside the MW 


- complete census of luminous cool stars


- ISM, dust mapping, dust tomography


- large scale mapping of accretion in M31


- Inner MW, deeper into the disk and halo


- find and characterize dwarf galaxies and halos


- proper motions and internal stellar kinematics

• Near-IR: efficient for (luminous) cool stars

• Good potential synergy with future high 
resolution imaging


