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Abstract

M31 is being surveyed at far- and near-ultraviolet with the UVIT telescope on AstroSat. The central bulge of M31
was observed in the N279N (275-280 nm), N219M (200-240 nm), F172M (160-185 nm), F169M (145-175 nm),
and F148W (120-180 nm) filters. These images are made publicly available here. The UVIT data are supplemented
with Sloan Digital Sky Survey data in optical, Spitzer data in near-infrared and Herschel data in mid- and far-
infrared. The resulting far-ultraviolet to IR spectral-energy distributions for the bulge and for 10 subregions, are
modeled using combinations of simple stellar populations and with CIGALE models. We find a dominant old
(10-12 Gyr) metal-rich ([Z/H]~ 0.3) population and a younger (600 Myr) solar abundance ([Z/H]~ 0)
population throughout the bulge. For the innermost 120” we find an additional very young (25 Myr) metal-poor
([Z/H] ~ —0.7) population. The results are consistent with the most recent stellar population studies of the bulge,
which find the two populations for the whole bulge and a third young population in the innermost bulge.

Unified Astronomy Thesaurus concepts: Andromeda Galaxy (39); Ultraviolet astronomy (1736); Star formation
(1569); Spectral energy distribution (2129); Astronomy data modeling (1859)

1. Introduction

The spiral galaxy Andromeda, also known as M31, is the
nearest such galaxy other than our own Milky Way. Our
external vantage point of M31 makes it feasible to study
aspects that are difficult to study in our own Galaxy. Interstellar
extinction is not as large a factor when studying M31 as it is for
the Milky Way, owing to the former’s inclination that allows
observation of the whole disk of the galaxy. Studies of large
numbers of stars have been done in great detail for the Milky
Way, but distances often possess high uncertainty, due in part
to extinction. An advantage of studying objects in M31 is that it
is at a well known distance (785 = 25 kpc; McConnachie et al.
2005). The intrinsic brightness of many objects can therefore
be more precisely measured than for Galactic sources.

M31 has been observed in optical wavelengths many times.
The highest-resolution observations available were obtained
with the Hubble Space Telescope (HST), including the Pan-
chromatic Hubble Andromeda Treasury (PHAT) survey
(Dalcanton et al. 2012; Williams et al. 2014). In near- and
far-ultraviolet (NUV and FUV), M31 has been surveyed by the
GALEX instrument (Martin et al. 2005).

Stellar population and metallicity studies of M31 include the
following. Escala et al. (2020) measure metallicity of the outer
disk, giant stellar stream and inner halo, finding inner halo is
metal poor ([Fe/H]~ —1.5) and the giant stellar stream and
outer disk less metal poor ([Fe/H]~ —0.9). Dalcanton et al.
(2012), using the PHAT survey, use color—magnitude diagrams
(CMDs) of RGB stars in the disk to show the disk is near solar
metallicity ([Fe/H] ~ —0.7 to 0.0).

The bulge of M31 is of interest for the current study. Recent
studies of the stellar populations of the bulge are presented by
Dong et al. (2018) and Saglia et al. (2018), with an overview of
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previous studies given in those two. The former study analyzes
CMD-resolved stars in the central 5’5 of M31 and this area
subdivided into nine annuli. They find that most stars (>70%)
in the bulge have ages >5Gyr and [Fe/H]~0.3, with a
smaller fraction of stars with age ~1 Gyr, and only in the
central 130" is there a third component of stars with ages
<500 Myr old. The latter study uses Lick/IDS absorption line
indices to find ~80% of stars in the central 100” have
ages > 10 Gyr and are metal rich, [Fe/H] ~ 0.35.

The AstroSat orbiting observatory, launched on 2015
September 28th, is undertaking a survey of M31 in near- and
far-ultraviolet (UV). AstroSat is equipped with five instru-
ments: the UV Imaging Telescope (UVIT) for visible and UV;
the Soft X-ray Telescope, Large Area Proportional Counters,
and Cadmium-Zinc-Telluride Imager instruments for soft
through hard X-rays; and the Scanning Sky Monitor, an
X-ray survey instrument (Singh et al. 2014).

Analysis of the M31 UVIT survey observations have been
presented in part previously. Some of these studies have
focused on resolved stellar objects, including analysis of UV-
brightest stars in the bulge (Leahy et al. 2018), the M31 UVIT
point-source catalog (Leahy et al. 2020), matching UVIT point
sources with Chandra sources in M31 (Leahy & Chen 2020),
improvements in astrometry and photometry for the M31
survey (Leahy et al. 2021b), first results from matching UVIT
sources with HST/PHAT sources in the NE spiral arms of M31
(Leahy et al. 2021a), and a study of FUV variable sources in
M31 using a new second epoch observation of the central field
of M31 (Leahy et al. 2021b). The UVIT observations for the
M31 survey are described in the M31 UVIT point-source
catalog paper (Leahy et al. 2020). The FUV and NUV
properties of the bulge, including ellipticity, radial profiles, and
FUV-NUYV color changes with radius were studied in Leahy
et al. (2021c).

The current analysis focusses on the spectral-energy
distribution (SED) of M31’s central bulge. New observations
with UVIT’s multiple filters within the NUV and FUV bands
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Table 1
Overview of Data Used

Instrument Filter Wavelength (pm)
UVIT F148W 0.1481
UVIT F16OM 0.1608
UVIT F172M 0.1717
UVIT N219M 0.2196
UVIT N279N 0.2792
SDSS u 0.3543
SDSS g 0.4770
SDSS r 0.6231
SDSS i 0.7625
SDSS z 0.9134
IRAC Channel 1 3.6
IRAC Channel 2 4.5
PACS Blue 70
PACS Red 160
SPIRE PSW 250
SPIRE PMW 350
SPIRE PLW 500

allow for an in-depth look at the FUV-NUV SED of the bulge
and, when used in conjunction with archival observations, the
FUV-NUV-optical-IR SED. In Section 2 the observations are
described. In Section 3 the data analysis methods are described,
one using simple stellar population (SSP) models, and the other
using the CIGALE code to model emission from stars, gas and
dust. The analysis results from the two methods are presented
in Section 4, then compared and discussed in Section 5. We
close with a brief summary.

2. Observations and Data Processing

Fluxes for the M31 bulge were extracted from images in 5
different filters of UVIT observations. These data were
supplemented with 12 different filters from four additional
instruments covering optical and infrared wavelengths. The
instruments, filters, and central wavelengths of the filters are
listed here in Table 1.

2.1. UVIT Data

The UVIT instrument onboard AstroSat has spatial resolu-
tion of ~1”, a 28 arcminute field of view, and is capable of
observing in a variety of FUV and NUYV filters (Tandon et al.
2017). New in-orbit calibrations of UVIT were carried out by
Tandon et al. (2020) and are applied here. The data processing
was carried out using CCDLab (Postma & Leahy 2017, 2021),
with updated astrometry calibration from Postma & Leahy
(2020), and wupdated photometry from Leahy et al
(2021a, 2021b).

The M31 survey covers the sky area of M31 with pointings
labeled Field 1 through 19 (Leahy et al. 2020). The M31 bulge
is located in the center of Field 1. It was observed by UVIT in
2017 (labeled obervation A) in the N279N, N219M, F172M,
and F148W filters." A three-color FUV-NUV image of Field 1
is presented as Figure 2 of Leahy et al. (2018). Field 1 was
observed again in 2019 in the UVIT filters F172M, F169M,
and F148W. The 2017 observations (labeled A) included
N279N, N219M, F172M, and F148W filters, and the 2019

' The UVIT filter transmission curves are given in Tandon et al. (2017).
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observations (labeled B) included F172M, F169M, and F148W
filters. Merged images were created by adding the counts
images for A and B, adding the exposure maps for A and B,
then dividing the counts images by the exposure images to
create a count/s image. The photometry here was carried out
using the merged UVIT images.”

The merged F148W filter image of Field 1, which has the
longest exposure and highest signal to noise, is shown in
Figure 1. The bulge of M31 is approximately the central 7
arcminute diameter part of Field 1. Beyond this central part,
light from the spiral arms of M31 begins to dominate over
the light from the bulge. Thus in order to minimize inclusion of
light from the spiral arms we use a maximum radius (major
axis) from the center of the bulge of 450 UVIT pixels, which is
187"56.

From Leahy et al. (2021c), the bulge at FUV and NUV
wavelengths is elliptical with minor to major axis ratio of
~().75 at position angle of ~42° east from north. We use an
ellipse with this axis ratio and position angle, shown by the
outer ellipse marked in Figure 2. This ellipse was subdivided in
order to study spatial variations by dividing into 10 concentric
elliptical annuli, each with equal area (so the radius intervals
are not equally spaced), then further dividing these annuli into
four quadrants, with the division between quadrants oriented
along the major and minor axes of the bulge, as shown in
Figure 2.

2.2. Extension to Optical and Infrared Data

In addition to the data for the five UVIT filters, we obtained
archival image data for M31 in five filters from the Sloan
Digital Sky Survey (SDSS), two filters from the Spitzer Space
Telescope IRAC camera, three filters from the Herschel Space
Observatory’s SPIRE instrument, and two from the Herschel
Space Observatory’s PACS instrument. We used SDSS Data
Release 16 (Ahumada et al. 2020). The SDSS-IV Overview is
given in Blanton et al. (2017). The Sloan Foundation 2.5 m
Telescope description is given by Gunn et al. (2006) and the
SDSS photometry is described in Doi et al. (2010). The Spitzer
Space Telescope is summarized in Werner et al. (2004) and the
IRAC camera is described in Fazio et al. (2004). The Herschel
data was obtained from the NASA/IPAC Infrared Science
Archive. The Herschel Space Observatory is described in
Pilbratt et al. (2010), and the SPIRE and PACS instruments are
described in Griffin et al. (2010) and Poglitsch et al. (2010),
respectively.

For each of the 17 different filter images listed in Table 1,
data were extracted from 10 equal area elliptical annuli around
the nucleus. The annuli had an axis ratio of b/a =0.75 and a
major axis position angle of 42° east of north. Because the
edges of the SDSS image fields were offset just NE of the
nucleus (bulge center), the common center for the annuli was
shifted slightly NE so that each quarter was not too close to the
edges of the SDSS image fields.”

The sum of image values in each annulus in each image was
extracted using SAOImage DS9, then converted to millijanskys
(mJy) using the respective flux conversions for the appropriate

2 The set of FUV and NUV filter images (F148W, F169M, F172M, N219M,
and N279N) of Field 1 of M31, containing the bulge of M31, is available in
Zenodo at https://doi.org/10.5281/zenodo.5747884.

3 We tested using regions centered on the nucleus to extract UVIT fluxes, and
confirmed that our results, except for small changes in normalization, do not
depend on this small offset.
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Figure 1. UVIT F148W (150 nm) image (observations A and B merged) of Field 1 containing the M31 bulge (the central ~7’) and the inner spiral arms which are
aligned along the NE-SW direction. The scale is square root, with scale bar at bottom edge. The units of the scale bar are counts per pixel, where the pixels are square

with side of 074168.

filter bands for UVIT, SDSS, IRAC, and SPIRE. For PACS,
the images were in units of Jy/pixel so no further conversion
was necessary. Errors in the flux values are calculated as the
square root of the instrument counts, converted back into flux.
Additional errors are added in quadrature. The additional errors
are as follows. For SDSS, the u filter has an additional 0.1 DN/
pixel error due to a bias in the sky-level determination. For
IRAC, the errors are ~~210% of image flux. For UVIT, the errors
in the magnitude-flux conversion are listed in the instrument
calibration paper (Tandon et al. 2020). For SPIRE/PACS, the
image files include error images in the same units, thus errors
per pixel are extracted for the annuli in the same way as the
image, and converted to errors in the sum by dividing by square
root of number of pixels in the region.

3. Analysis
3.1. SSP Analysis Implementation

A new SED fitting program was written that takes as input a
dense grid of age and metallicity values, with range of ages
3.98 x 10° yr to 1.5x 10" yr and range of metallicities
Z=50x10"" to 0.04162 (log(Z/Z.)=—2.617 to 0.303,
when taking Z. =0.0207). The program carries out a two-
dimensional interpolation on the grid to calculate the fluxes
for a SSP with any specified age and log(Z/Z.). A x*
minimization can be carried out for the cases of a single
SSP (with 4 parameters: age, log(Z/Z.), mass and extinction
E(B-V)), two SSPs (with eight parameters, four for each SSP),
or three SSPs. The program also carries out a parameter grid
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0:43:00,0

Figure 2. Diagram showing locations of quarter elliptical annuli used for
photometry for all bands listed in Table 1. The annuli are overlaid on the UVIT
F148W image of the ~6’5 by 65 region containing the bulge.

search around the best-fit set of parameters to estimate the
uncertainties in the parameters.

An SSP model consists of a set of stars of a single age and
metallicity. More realistic models are constructed by combina-
tions of SSPs with different ages and metallicities. Here, we
used the SSPs based on the Padova stellar models, calculated
using the CMD 3.4 online tool’. We used PARSEC
evolutionary tracks (Bressan et al. 2012; version 1.2S) for
pre-main sequence to first thermal pulsation or carbon ignition,
and COLIBRI models (Pastorelli et al. 2020) for thermal
pulsation-asymptotic giant branch evolution. Circumstellar dust
properties for M and C stars were from Groenewegen (2006),
long-period variability along the red giant branch and
asymptotic giant branch phases was taken from Trabucchi
et al. (2019), and the initial mass function of Kroupa (2001)
was used.

3.2. CIGALE Analysis Implementation

The goal is to model the broadband FUV-NUV-optical-IR
SED of the M31 bulge. Because the broadband includes
significant contributions from stars, gas and dust, a modeling
program that includes these components is needed. Here we use
the galaxy SED fitting program CIGALE (Boquien et al. 2019;
Noll et al. 2009; Burgarella et al. 2005).

The fluxes for each annulus in the 17 filters listed in Table 1
were used as input into the CIGALE program for SED fitting.
Various test cases were used to determine the best region
shapes to use. For regions, we tested a series of boxes radially
outwards from the nucleus, one large quarter circle region,
multiple quarter circles, circular annuli, and elliptical annuli.
The set of elliptical annuli was expected to best follow any
spatial variation in the SED of the bulge of M31 because the
annuli closely follow regions of constant surface brightness of
M31’s bulge (Leahy et al. 2021c). We confirmed that the

4 http://stev.oapd.inaf.it/cgi-bin/cmd
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CIGALE fits, as determined by x°, were as good or better for
the elliptical annuli than other shapes of regions.

For SSPs, CIGALE uses the model of Bruzual & Charlot
(2003) with Chabrier initial mass function. There are several
options for star formation histories to use for combining SSPs
of different ages. The nebular emission model has four
parameters which we kept fixed at default values. These are
ionization parameter, fraction of Lyman continuum photons
escaping the galaxy, fraction of Lyman continuum photons
absorbed by dust, and line width.

The dust attentuation model was a modified Calzetti et al.
(2000) attenuaton law with eight parameters. These are:
E(B — V)iines» the color excess of the nebular lines; the
reduction factor E(B — V)gaeror t0 apply on E(B — V)jipes tO
compute E(B — V). for the stellar continuum attenuation;
Auv bump» the central wavelength of the UV bump; wyy bump, the
width of the UV bump; A,y pump, the amplitude of the UV
bump relative to that for the Milky Way; 6powerlaw- the slope of
the power law modifying the attenuation curve; ExtLawy,e,: the
extinction law to use for attenuating the emission lines, either 1
for Milky Way, 2 for LMC or 3 for SMC; and Ry the ratio of
total to selective extinction.

CIGALE provides “Bayes” estimates and “Bayes” errors for
each parameter requested by the user, summarized as follows
(details given in Boquien et al. 2019). A large grid of user
specified models is calculated (~10° to 10°) each with a
different parameter set. For each model the x> from the data
versus model comparison and the likelihood (exp(—x?2/2)) are
calculated Then the Bayes estimate is the likelihood-weighted
average and the Bayes error is the square root of the likelihood-
weighted standard deviation for each parameter. For all of the
results (parameter values) presented here from CIGALE, we
use the Bayes estimate as the “best-fit” value and the Bayes
error as the error in the “best-fit” parameter.

Initially we varied all parameters in a large number of
CIGALE runs, each with ~10° parameter sets. For five of the
parameters, the Bayes estimate was equal to the default initial
value in CIGALE. These parameters and their Bayes values
were: Ayy bump (=217.5 nm); wy, bump (=35.0 nm); Ay, bump
(=1.0), ExtLawiyyes (=1); and Ry (=3.0). For subsequent
CIGALE runs, these five parameters were fixed at these values.

Dust emission was modeled with the Dale et al. (2014) dust
emission templates. This had two parameters fracagn the AGN
fraction, and agy the slope of the dust emission. We tested
varying fracagn but found that fracagn = 0 always worked best.

Tests were carried out to determine the best model star
formation history of those available in CIGALE. We tested
four different SFH models to find the best fit to the data,
including rectangular periodic pulses (sfthperiodic), two decay-
ing exponentials (sth2exp), a delayed SFH with an exponential
burst. The best model for the bulge of M31 was the delayed
SFH with an exponential burst.

The delayed SFH had five parameters in CIGALE (Tauyn:
the e-folding time of the main stellar population; age.in: the
age of the main stellar population; Tauy,: the e-folding time
of the late starburst population; agep.s: the age of the late
starburst population; and fi,. the mass fraction of the late
starburst population). The stellar emission model in CIGALE
takes metallicity, Z, as an input parameter which is the same for
all SSPs.

For the elliptical annuli, the fitting was done for each quarter
of a given annulus and for the total flux from each annulus. The
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Figure 3. Top: FUV-NUV-optical-NIR-IR data band fluxes for Annulus 01 (purple circles with error bars) compared to CIGALE model band fluxes (red circles). The
model flux density is the black solid line. Contributions from attenuated and unatttenuated stars, gas (nebular), and dust are shown by the yellow, blue, green, and red
lines. Bottom: relative residuals, (data—model)/data. All figures with wavelength as abscissa are on logarithmic scale. The maximum and minimum wavelengths are

different for different figures because the range of wavelengths varies greatly.

fit results for a given annulus between the different quadrants
were consistent with eachother within errors in all case. Thus
we present results only for fluxes from full annuli.

A set of parameters for each model component (star
formation history, dust attenuation model, dust emission
model) are input into CIGALE. Then the code evaluates a
large number of models (~105 —106) with one model for each
combination of input parameters. The model with the smallest
x* is found and labeled as the best-fit model. CIGALE gives
the SED for each region calculated with the parameters that
gave the best fit for that region.

CIGALE also provides a Bayesian best estimate of
parameters requested by the user, as noted above. In order
for the Bayesian estimate to be reliable, the parameter spacing
must be small enough that y* does not change too much
between adjacent parameter values, and it must be large enough
that the largest x* is larger than the smallest x> by enough to
give a large variation in exp(—x?2/2). Thus, a number runs of
CIGALE with different parameter spacings for each of the
parameters were done. in order to obtain reliable Bayes
estimates.

4. Results

4.1. CIGALE Models for the FUV-NUV-optical-NIR-IR SED of
the M31 bulge

The CIGALE models produced good fits to the wide band
FUV to IR SED of the 10 annuli and of the total bulge. An
example of a best-fit model for the innermost annulus (Annl) is

shown in Figure 3. The data points for the five shortest
wavelengths are from UVIT, the next five are from SDSS, the
two points at 3.64 and 4.5u are from Spitzer/IRAC, and the
five far-IR points are from Herschel/PACS and Herschel/
SPIRE (Table 1).

The CIGALE models have a large number of input
parameters. A few of the parameters were found to be
consistent with constant values during test runs and were set
to be fixed during the analysis runs of CIGALE, as noted in
Section 3.2. The remaining parameters were free for our
analysis. The analysis of the FUV to IR SED of the M31 bulge
using the CIGALE models produced statistically acceptable
models with y* per degree of freedom of ~1.

We use the Bayesian estimates from CIGALE as the best
estimates of the parameters, noting that these are stable for a
grid of input parameters with sufficiently many and closely-
enough spaced parameters. Hereafter we label the Bayesian
parameters as best-fit parameters. We divided the best-fit
parameters into two categories: those without spatial depend-
ence (independent of annulus number) and those that are
spatially dependent. A parameter was considered not spatially
dependent if the best-fit values for different annuli agreed with
eachother to within the 20 errors.

The parameters that do not have spatial dependence are listed
in Table 2. The ratio of stellar extinction to line extinction and
the dust emission power-law value are constant. The age and
e-folding timescale for the main/old stellar population are
constant, showing a rather old (12 Gyr) and rapid star
formation episode (e-folding timescale of 450 Myr) for the
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Table 2
CIGALE Model Best-fit Parameters for the M31 Bulge FUV-NUV-optical-
NIR-IR Data Which are Consistent with No Radial Dependence

Input Parameter Mean Mean Error Standard Deviation
E(B-V )tactor 0.382 0.120 0.041

Qdust 1.952 0.052 0.041

agemain Myr) 12170 772 120

Tau i, (Myr) 446 81 2.6

agepurst (Myr) 602 107 57

Taupyrg (Myr) 24.9 11.1 0.25

Jourst 0.0030 0.0011 0.0006

z 0.020* 8 x 107" 1x107%
Derived Parameter Mean Mean Error Standard Deviation
M/L M./Ls) 1.90 0.15 0.04

Note.

2 The Bayesian estimate of metallicity, Z, and errors are not accurate: a
conservative estimate is 0.008 < Z < 0.05, see text for details.

main population of the bulge of M31. For the late star
formation burst, the e-folding time is constant at ~25 Myr. The
metallicity, Z, is constant between different annuli and
approximately solar metallicity. The errors on metallicity from
CIGALE are not accurate because the allowed values of
metallicity are chosen from a course (discrete) grid, making it
not possible to compute fits with a closely-enough spaced grid
of metallicity for the Bayesian estimate to be accurate.
However, the course grid limits the metallicity to be between
0.008 and 0.05.

The best-fit spatially-variable parameters and errors are
given in Table 3 for the 10 annuli and for the sum of the annuli
(Total). R.g is the value of R weighted over the area of the
annulus.

In summary (Table 2), the CIGALE analysis shows a
dominant 12 Gyr old populations in the M31 bulge and a “600
Myr” young subdominant (f},,,~ 0.003) population. The
masses of both populations and their extinctions vary with
radius (Table 3).

4.2. SSP Models for the FUV-NUV-optical-NIR SED of the
M31 Bulge

As a first step, we verified the result from Leahy et al.
(2021c) that the FUV-NUV SED of the bulge could not be fit
with a single SSP. We found that the annuli could be fit
satisfactorily with two SSPs. The best-fit two SSPs here have
similar properties to those found by Leahy et al. (2021c): one
SSP with large mass is an old population with low metallicity
and the second SSP with small mass is young with higher
metallicity.

The SSP models for the FUV-NUV 5 band data and the
CIGALE models for the 17 band data yield very different
model parameters. This is likely caused by the degeneracy
inherent in fitting the five band FUV-NUV data with a model
with more than five parameters. The degeneracy can be
removed by including more data, thus we include here the
optical and NIR data with the FUV-NUYV data (total 12 bands)
for the SSP modeling. We do not include the Herschel FIR data
for which the dust and gas contributions, which are missing in
the SSP models, are dominant (see Figure 3).

A single SSP model does not fit the FUV-NUV-optical-NIR
SED of the bulge. The best-fit model reproduces the SDSS and
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UVIT F279N fluxes but is below the IRAC fluxes (about 30%)
and well below the UVIT F148W, F169M, F172M and F219M
fluxes.

The results of a two-SSP model applied to the FUV-NUV-
optical-NIR SED of the bulge are given in Table 4. The 2-SSPs
fit is considerably better than 1-SSP fit but is statistically
rejected with high y*(~10to 10°). Figure 4 shows the best-fit
2-SSP model for Annl of the M31 bulge. A young SSP is
required to fit the short wavelength UVIT data and an old SSP
is required to fit the the SDSS data and the IRAC data.

We find that inclusion of optical and NIR data changes the
best-fit models significantly. One difference from the fits to the
UVIT only data is that the FUV-NUV-optical-NIR SED results
in a significantly larger mass (factor ~3) for the old population.
Another significant difference is that the metallicity of the old
SSP is found to be supersolar (40.3), instead of the previous
result of metal poor (—1.5 for the old SSP). The inclusion of
optical and NIR data yields more reliable parameters than those
from the NUV-FUV only fits.

We applied a three-SSP model to the FUV-NUV-optical-
NIR SED of the bulge to see if this gave improved fits. The
three-SSP model resulted in improved fits for Annl, Ann2,
Ann3, and Ann4 but not for the outer annuli, nor the total
bulge. An example fit for Annl is given in Figure 5. For these
inner annuli, the results are given in Table 5. The main
differences are as follows. The extinction is lower for the three-
SSP fits and closer to that from the CIGALE fits. For the three-
SSP fits, the old population is now 10 Gyr age for the inner four
annuli, the same as for the outer annuli from the two-SSP fits.
The metallicity of the intermediate age population is now close
to solar, and the age of the intermediate population is 600 Myr
for all four inner annuli.

5. Discussion
5.1. Comparison of CIGALE and SSP Models

The CIGALE models include emission from stars, dust and
gas, which make important contributions to the broadband
SED. These three contributions can be seen for the best fit for
Annl shown in Figure 3. For the fit shown in Figure 3, the
contribution of gas is several percent for the FUV-NUYV bands
and ~1% or less for the optical and NIR bands, and the
contribution of dust is ~1% for the NIR. Because the UVIT
and SDSS photometry has small errors (~20.05%-0.5%), these
contributions are important to include in models.

Other advantages of the CIGALE models for fitting are that
the dust attenuation law (see Section 3.2) has several adjustable
parameters, and there are a number of SFH models to choose
from (instead of the instantaneous bursts of the SSP models).
Disadvantages of CIGALE include: stars, dust, and gas all have
the same metallicity; all stars of different ages have a single
metallicity values; and there is only a course grid of metallicity
values to choose from.

Overall, the CIGALE models should be better than the SSP
models, in particular for the SFH and dust and gas properties of
the M31 bulge. Because the SFH is more realistic from
CIGALE, the stellar masses from CIGALE should be a better
measure of the true stellar masses. The disadvantages regarding
metallicity mean that the metallicities from the SSP models are
likely better.

For the two-SSP and three-SSP fits we found the three-SSP
model gives better fits for Annl to Ann4, but not for Ann5 to
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Table 3
CIGALE Model Best-fit Parameters for the M31 Bulge FUV-NUV-optical-NIR-IR Data That Show a Radial Dependence
Region Reff Rou& X2 E(B_V)lines E(B_V)smrs 6powerlaw fo]d error Mﬁd error
(@) (@) error error error (10* erg s (10°M.,)
Annl 39.6 59.4 6.83 0.045 0.0188 -2.22 5.17 26.5
0.012 0.0022 0.20 0.26 1.7
Ann2 723 83.9 10.74 0.065 0.0217 —2.16 2.92 14.7
0.026 0.0014 0.20 0.15 1.1
Ann3 93.6 102.6 10.77 0.107 0.0293 —1.75 2.26 11.30
0.034 0.0026 0.22 0.11 0.82
Ann4 110.9 118.8 7.25 0.114 0.0344 -1.50 1.938 9.63
0.041 0.0030 0.21 0.097 0.71
Ann5 125.8 1325 11.90 0.112 0.0334 —1.54 1.604 7.96
0.038 0.0027 0.22 0.080 0.58
Ann6 139.1 145.4 10.99 0.114 0.0351 —1.44 1.491 7.35
0.041 0.0036 0.22 0.075 0.54
Ann7 151.3 157.0 11.90 0.112 0.0409 —1.34 1.324 6.41
0.035 0.0041 0.21 0.066 0.47
Ann8 162.4 167.8 11.77 0.119 0.0448 —1.21 1.202 5.88
0.033 0.0049 0.19 0.060 0.43
Ann9 172.9 177.8 5.77 0.133 0.0515 —1.16 1.111 5.44
0.028 0.0057 0.17 0.056 0.39
Annl0 182.7 187.6 8.19 0.135 0.0558 —1.12 1.052 5.14
0.025 0.0058 0.15 0.053 0.37
Total 187.6 8.26 0.111 0.032 —1.59 20.2 101.3
0.036 0.003 0.22 1.0 7.2

Note. a: The inner major axis for Total and Annl is 0”, for Ann2 to Annl0 the inner major axis is the outer major axis of the Annulus of one lower number.

Table 4
2-SSP Best-fit Parameters for the M31 Bulge FUV-NUV-optical-NIR Data

. Rout |a age; 1 (ﬁ) Mza age, 1 (2)
Region ) X 10°M.)  (Gy» 2 EBYV) a0'M.)  Myn 7 E(B-V),
Annl 59.4 1.4 % 10° 22 4.0 0.30 0.17 9.1 560 —0.15 0.54
Ann2 83.9 12 x 10° 20 4.0 0.30 0.23 1.6 380 0.30 0.33
Ann3 102.6 9.1 x 10* 9.7 2.5 0.07 0.28 2.3 400 —0.12 0.59
Ann4 118.8 8.6 x 10* 9.3 32 0.00 0.28 1.8 490 —0.15 0.51
Ann5 132.5 44 % 10* 19 10 0.30 0.18 1.3 960 —0.42 0.25
Ann6 145.4 42 x 10* 18 10 0.30 0.18 1.1 940 —0.34 0.21
Ann7 157.0 2.7 x 10* 4.0 10 0.30 0.14 3.6 1100 —0.87 0.48
Ann8 167.6 3.6 x 10* 14 10 0.30 0.18 0.91 970 —0.44 0.23
Ann9 177.8 3.0 x 10* 9.3 10 0.30 0.17 1.8 1000 —0.73 0.42
Annl0 187.6 3.2 x 10* 8.4 10 0.30 0.16 1.7 1100 —0.81 0.41
Total 187.6 3.7 x 10° 290 10 0.30 0.20 8.6 490 0.30 0.18

Note. a: Subscripts 1 and 2 refer to the two SSPs: SSP; and SSP».

Annl0, thus we use three-SSP results for Annl to Ann4 and
two-SSP results for Ann5 to Annl0. A further justification of
this is found in Dong et al. (2018), who find three stellar
populations inside ~100” and 2 stellar populations outside,
consistent with the SSP results here.

The extinctions for the SSP model fits are higher
(~0.15-0.45) compared to those for the CIGALE fits (~0.11
for gas, ~0.04 for stars). The SSP ages of the old populations
(10 Gyr) are similar to the CIGALE ages (12 Gyr). The ages of
the “600 Myr” population are very similar for SSP and
CIGALE fits. The masses of the old population from the SSP
fits are higher (by factor ~2) than those from the CIGALE fits,
likely because of the higher extinction of the SSP fits. The
metallicities of old population and “600 Myr” populations for

the SSP models are log(Z;/Z.) ~ 0.3 and ~0.0, compared to
the single metallicity of log(Z;/Z.) ~ 0 for the CIGALE fits.

In summary, the CIGALE and SSP fits agree on some results
and disagree on others. The differences are mainly from two
effects: the more flexible extinction law in CIGALE and the
more flexible metallicities in the SSP models. From the
CIGALE fits, the M31 bulge has a main stellar population
which formed 12 Gyr ago, rather rapidly (with e-folding time of
450 Myr; Table 2), and a late burst of star formation with ages
500-700 Myr. From the SSP fits, the metallicity of the oldest
population is significantly above solar and that of the “600
Myr” population is nearly solar. The SSP fits find that the inner
bulge has an additional very young population with small mass
and subsolar metallicity.
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Table 5
3-SSP Best-fit Parameters® for the M31 Bulge FUV-NUV-optical-NIR Data
Region® Rout X’ M;° age, log(Z,/Zs) E(B-V)1, MsP age; log(Zs/Z) E(B-V);
@) My’ age, log(Z»/Z.) (10° M) (Myr)
(10°M.) (Gyn)
Annl 58.4 8.5 x 10* 76 10 0.30 0.18 11 14 —0.50 0.10
2.4 0.63 —0.02
Ann2 83.4 6.5 x 10* 41 10 0.30 0.18 3.0 24 —0.79 0.22
1.4 0.63 —0.01
Ann3 104.2 5.9 x 10* 31 10 0.22 0.21 2.0 26 —-0.75 0.24
12 0.61 0.03
Ann4 116.7 5.5 x 10* 27 10 0.30 0.19 1.8 27 —0.76 0.25
0.95 0.61 0.03
Notes.

% Ann5 to Annl10 and Total fits are not improved by adding a third SSP, so are not listed here.

b Subscripts 1, 2 and 3 refer to the three SSPs: SSPy, SSP,, and SSP;.

Flux (mJy)

1 1 n L 1 L 1
140 200 500 Wavelécn)gtoh thi) 2000 5000
Figure 4. Two-SSP model fit to the FUV-NUV-optical-NIR SED of annulus 1
of the M31 bulge. The data points are the yellow circles (with error bars smaller
than the symbol size), the blue line shows the model fluxes for the old stellar
population, the red line shows the model fluxes for the young stellar

population, and the green line shows the sum of the two model fluxes.

5.2. Radial Dependence of Stellar Population Properties in the
M31 Bulge

Many stellar population parameters from the CIGALE fits
are found to be constant, independent of distance from M31’s
nucleus (center of the bulge). These are listed in Table 2. In
particular, the age of the old population, the age of the “600
Myr” population (agepurst) and mass ratio of “600 Myr” to old
population (fyurs) are independent of radius. Radially-variable
properties are nebular (lines) extinction (Figure 6 left), stellar
extinction (Figure 6 right), the dust attenuation law (Figure 7),
and mass of the old population (Figure 8).

The radial dependence of the SSP parameters are compared
to those from CIGALE. y;oq from the SSP fits (Figure 9 left
panel®) shows a similar decrease with radius as that from
CIGALE but is higher by a factor of ~2-3. The mass fraction
of the “600 Myr” population from the SSP fits varies between
~0.04 and ~0.1 (Figure 9 right panel), higher than
Jours: = 0.003 from the CIGALE fits. The higher old population

The two- and three-SSP fits have high x2, which produces artificially small
(unreasonable) error bars calculated using standard methods (Press et al. 1992).
Thus those error bars (smaller than the points on the plots) are omitted for
Figures 9 and 10. A rough estimate of the minimum size of the errors (not
taking into account parameter degeneracies, but only data errors) is the
contribution of nebular plus dust emission to the SED (not fit by the SSP
models), which is ~5% (see Figure 3).

1 1 1 FE— 1 L i 1
140 200 500 wavelength (nm) 2000 5000

Figure 5. Three-SSP model fit to the FUV-NUV-optical-NIR SED of annulus
one of the M31 bulge. The data points are the yellow circles (error bars smaller
than the symbols), the red line shows the model fluxes for the old stellar
population, the red line for the intermediate age population, the purple line for
the young population, and the green line for the sum of the three populations.

mass and higher “600 Myr” mass fraction are likely caused by
the higher extinctions and higher old population metallicity for
the SSP fits.

The age of the “600 Myr” population from the SSP fits
(Figure 10 left panel) for the inner bulge (<120") agrees with
that from CIGALE, indicating that this parameter is measured
reliably. For the outer bulge, the SSP fits yield a higher age
than the CIGALE fits, which can likely be attributed to the
higher extinction in the outer bulge for the SSP fits.

The metallicity from the CIGALE fits is solar and constant
with radius.® The-SSP fits yield a nearly constant metallicity
versus radius for the old population with value of [Fe/H] >~ 0.3
(right panel of Figure 10). For the “600 Myr” population, [Fe/
H]~O0 in the inner bulge then decreases to ~—0.6 for the outer
bulge. The youngest (25 Myr old) population exists only in the
inner bulge and has subsolar metallicity.

5.3. Comparison with Previous Work

Next we compare the results of this work with previous
studies of the SFH and metallicity of the M31 bulge. Hammer
et al. (2018) using hydrodynamical simulations in comparison

6 Metallicity is not well constrained by CIGALE nor can metallicity or

extinction be different for the different stellar populations. This was the
motivation for constructing the SSP models.
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with observations of M31, found that a 4:1 major merger
2-3 Gyr ago could explain many of the observed large-scale
features of M31. The Pan-Andromeda Archaeological Survey
of M31 was analyzed by McConnachie et al. (2018) for
substructures in the halo. They showed that the most distinctive
substructures were produced by a minimum of five different
accretion events in the past 3—4 Gyr.

Saglia et al. (2018) derived SSP properties from Lick/IDS
absorption line indices finding >80% of stellar ages were
greater than 10 Gyr in the bulge and the stars were metal rich
([Z/H] ~0.3 in the central 100”). Dong et al. (2018) use
observations of the central 5!5 of M31 using HST ACS. They
use CMD fitting of resolved stars to find that most stars
(>70%) are older than 5 Gyr and have [Fe/H] ~ 0.3. There is a
second component of stars of age ~1 Gyr over the whole bulge,
and the central 130” has a small fraction of stars that are
<500 Myr old.

Previous works have found an old and metal-rich population
in the bulge, although with less detail than Dong et al. (2018),
including Dong et al. (2015), Saglia et al. (2010), and

3e9 ‘
— 2¢9
2
3 |

1e9 | {

G b
0
40 60 80 100 120 140 160 180 200
Resi( arcsec)

Figure 8. CIGALE Best-fit mass of the old stellar population vs. effective
radius (R.¢) of each annulus.

Olsen et al. (2006). Evidence of younger stars in the bulge
has been given previously. E.g. Dong et al. (2015) find a
300 Myr to 1 Gyr population with 1% of the mass. Dong et al.
(2018) finds CMD fitting has better age resolution than other
methods, which allows identification of separate 1Gyr and
<500 Myr populations.

The SSP fits presented here have an old (~10 Gyr) metal-
rich SSP consistent the with old metal-rich population
previously identified. The CIGALE models find the age to be
12 Gyr with solar metallicity, where the solar metallicity is
probably an artifact of having a single metallicity for the
populations in CIGALE. Figure 21 and Tables 1 and 2 of
Saglia et al. (2018) show an age of the old population of ~11 to
13 Gyr nearly independent of radius (along the bar minor axis),
in agreement with the CIGALE results. Their composite stellar
models (their Table 4) interpret the age and metallicity as
mixtures of four populations, a classical bulge of age 13 Gyr
with [Z/H]=0.35, a bar with age 12 Gyr and [Z/H] =0, a
boxy-peanut with age 13 Gyr and [Z/H] ~ —0.1, and a disk
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populations vs. Regp.

with age 7 Gyr and [Z/H] = 0.01. Dong et al. (2018) find age
of the old population to be >5 Gyr and [Fe/H]~ 0.3 at all
radii. The 12 Gyr age of the old population from the CIGALE
fits and the metallicity of the old population, [Fe/H] = 0.3 from
the SSP fits are consistent with both studies.

For the “600 Myr” population, Figure 21 of Dong et al.
(2018) shows an age of 0.9-1.5 Gyr, increasing with radius,
and metallicity of [Fe/H] of 0.4-0.1, decreasing with radius.”
A “600 Myr” age constant with radius was found by Dong
et al. (2015) by modeling photometry of the bulge, in
agreement with the current CIGALE and SSP results.
Similarly, that work found a metallicity for the “600 Myr”
population ([Fe/H]~0) in agreement with our work. The
CMD analysis (Dong et al. 2018) yields higher metallicity and
age than the photometry analysis (this work and Dong et al.
2015). Overall, we conclude the intermediate age population
has age “600 Myr” to 1 Gyr and metallicity [Fe/H] ~ 0.0-0.3,
with refinement depending on development of better models.

7 Saglia et al. (2018) does not include this population in their modeling, rather
using the four populations previously mentioned.
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The mass fraction of the “600 Myr” population was found to
be constant in the CIGALE model at ~20.003 and in the SSP
model at ~0.05, whereas Dong et al. (2018; their Figure 27)
find values of 0.08-0.03. The SSP result agrees with that from
Dong et al. (2018), indicating that the restrictions of CIGALE
(same extinction and metallicity of both populations, and no
third population) are skewing the CIGALE values.

The mass fraction and the age of the youngest population
from Dong et al. (2018) are larger than that deduced from the
SSP model, however their data did not include any FUV
photometry so is less sensitive to the youngest populations.
Because a lower mass is required for a young (brighter)
population, their results are approximately consistent with the
SSP results. The inclusion of FUV data here likely means the
SSP result is a better measure of the age and mass of the
youngest population.

The “600 Myr” and young populations could be the result of
the multiple merger events over the past 3—4 Gyr, previously
identified. Such mergers could yield the gas that reached the
bulge and formed stars there ~600 Myr and ~25 Myr ago. The
“600 Myr” and young stars would be the same metallicities,
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respectively, as the infalling gas, so that the gas was solar
abundance (600 Myr) or subsolar (25 Myr). Alternately, the gas
was not directly from the merging mass but from within M31
where its infall was triggered by the merger. For that case too,
the infalling gas would have to have solar abundance (600
Myr) or subsolar (25 Myr) abundance prior to its infall and star
formation in the bulge.

6. Conclusions

Observations of the bulge of the Andromeda galaxy in NUV
and FUV wavelengths have been taken with the UVIT
instrument on the AstroSat Observatory. We have analyzed
FUV-NUV SEDs using SSPs for the whole bulge and the
bulge subdivided into 10 elliptical annuli. The analysis was
extended to the broadband SED by including archival data
from SDSS for optical, from Spitzer for near-IR and from
Herschel for mid and far-IR.

The models included SSP models, and CIGALE models. The
best-fit models were found using the CIGALE models with two
epochs of star formation. The SSP models allow us to test
different metallicities for the different populations, and to
include a third epoch of star formation. For the CIGALE
models we present the best-fit results in Tables 2 (parameters
consistent with constant with radius) and 3 (parameters that
vary with radius). The SSP fits serve as verification of the
CIGALE results, but allow inference on metallicity differences
between the populations. The old (10-12 Gyr) population is
found to be metal rich, [Z/H]~0.3, and the ~1Gyr
populations is found to be roughly solar metallicity. Both
results are consistent with previous studies of the M31 bulge.
The three-SSP fits give evidence for a very young population in
the inner ~130”, consistent with the finding of Dong et al.
(2018). We find the age is ~25 Myr and that it is mildly metal-
poor, [Z/H] ~ —0.7. The ages of the SSPs are consistent with
the active merger history for M31, known from previous
studies of with optical data.

The FUV and NUV data from UVIT/AstroSat are useful to
measure the youngest stellar populations that emit at these
wavelengths. Future studies of regions beyond the bulge
promise to turn up new clues on the ages and spatial
distributions of stellar populations in M31, which will add to
the wealth of studies done at optical and infrared wavelengths.

The authors thank the reviewer for suggestions which led to
improvements. This project is undertaken with the financial
support of the Canadian Space Agency and of the Natural
Sciences and Engineering Research Council of Canada. This
publication uses data from the AstroSat mission of the Indian
Space Research Institute (ISRO), archived at the Indian Space
Science Data Center (ISSDC).

This work is based [in part] on observations made with the
Spitzer Space Telescope, which was operated by the Jet
Propulsion Laboratory, California Institute of Technology
under a contract with NASA.

Herschel is an ESA space observatory with science
instruments provided by European-led Principal Investigator
consortia and with important participation from NASA.

Funding for the Sloan Digital Sky Survey IV has been
provided by the Alfred P. Sloan Foundation, the U.S.
Department of Energy Office of Science, and the Participating
Institutions.

11

Leahy, Seminoff, & Leahy

SDSS-IV acknowledges support and resources from the
Center for High Performance Computing at the University of
Utah. The SDSS website is www.sdss.org.

SDSS-IV is managed by the Astrophysical Research
Consortium for the Participating Institutions of the SDSS
Collaboration including the Brazilian Participation Group, the
Carnegie Institution for Science, Carnegie Mellon University,
Center for Astrophysics | Harvard & Smithsonian, the Chilean
Participation Group, the French Participation Group, Instituto
de Astrofisica de Canarias, The Johns Hopkins University,
Kavli Institute for the Physics and Mathematics of the Universe
(IPMU)/University of Tokyo, the Korean Participation Group,
Lawrence Berkeley National Laboratory, Leibniz Institut fiir
Astrophysik Potsdam (AIP), Max-Planck-Institut fiir Astro-
nomie (MPIA Heidelberg), Max-Planck-Institut fiir Astrophy-
sik (MPA Garching), Max-Planck-Institut fiir Extraterrestrische
Physik (MPE), National Astronomical Observatories of China,
New Mexico State University, New York University, Uni-
versity of Notre Dame, Observatdrio Nacional/MCTI, The
Ohio State University, Pennsylvania State University, Shanghai
Astronomical Observatory, United Kingdom Participation
Group, Universidad Nacional Auténoma de México, Univer-
sity of Arizona, University of Colorado Boulder, University of
Oxford, University of Portsmouth, University of Utah,
University of Virginia, University of Washington, University
of Wisconsin, Vanderbilt University, and Yale University.

ORCID iDs
Denis Leahy ® https: //orcid.org/0000-0002-4814-958X

References

Ahumada, R., Prieto, C. A., Almeida, A., et al. 2020, ApJS, 249, 3

Barmby, P., Ashby, M. L. N., Bianchi, L., et al. 2006, ApJL, 650, L45

Blanton, M. R., Bershady, M. A., Abolfathi, B., et al. 2017, AJ, 154, 28

Boquien, M., Burgarella, D., Roehlly, Y., et al. 2019, A&A, 622, A103

Bressan, A., Marigo, P., Girardi, L., et al. 2012, MNRAS, 427, 127

Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000

Burgarella, D., Buat, V., & Iglesias-Paramo, J. 2005, MNRAS, 360, 1413

Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 533, 682

Castelli, F., & Kurucz, R. L. 2003, in IAU Symp. 210, Modelling of Stellar
Atmospheres, ed. N. Piskunov, W. W. Weiss, & D. F. Gray (San Francisco,
CA: ASP), A20

Dalcanton, J. J., Williams, B. F., Lang, D., et al. 2012, ApJS, 200, 18

Dale, D. A., Helou, G., Magdis, G. E., et al. 2014, ApJ, 784, 83

Doi, M., Tanaka, M., Fukugita, M., et al. 2010, AJ, 139, 1628

Dong, H., Li, Z., Wang, Q. D., et al. 2015, MNRAS, 451, 4126

Dong, H., Li, Z., Wang, Q. D., et al. 2016, MNRAS, 459, 2262

Dong, H., Olsen, K., Lauer, T., et al. 2018, MNRAS, 478, 5379

Escala, 1., Gilbert, K. M., Kirby, E. N., et al. 2020, ApJ, 889, 177

Fazio, G. G., Hora, J. L., Allen, L. E., et al. 2004, ApJS, 154, 10

Fitzpatrick, E. L., & Massa, D. 2007, ApJ, 663, 320

Griffin, M. J., Abergel, A., Abreu, A, et al. 2010, A&A, 518, L3

Groenewegen, M. A. T. 2006, A&A, 448, 181

Gunn, J. E., Siegmund, W. A., Mannery, E. J., et al. 2006, AJ, 131, 2332

Hammer, F., Yang, Y. B., Wang, J. L., et al. 2018, MNRAS, 475, 2754

Kroupa, P. 2001, MNRAS, 322, 231

Leahy, D. A., Bianchi, L., & Postma, J. E. 2018, AJ, 156, 269

Leahy, D. A., & Chen, Y. 2020, ApJS, 250, 23

Leahy, D. A., Postma, J., Buick, M., et al. 2021a, JApA, 42, 84

Leahy, D., Buick, M., Postma, J., et al. 2021b, AJ, 161, 215

Leahy, D., Morgan, C., Postma, J., & Buick, M. 2021c, JAA, 11, 151

Leahy, D. A., Postma, J., Chen, Y., et al. 2020, ApJS, 247, 47

Lockhart, K. E. 2017, PhD thesis, Univ. of Hawaii

Martin, D. C., Fanson, J., Schiminovich, D., et al. 2005, ApJL, 619, L1

McConnachie, A. W., Ibata, R., Martin, N., et al. 2018, ApJ, 868, 55

McConnachie, A. W., Irwin, M. J., Ferguson, A. M. N, et al. 2005, MNRAS,
356, 979

Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A, 507, 1793


http://www.sdss.org
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://orcid.org/0000-0002-4814-958X
https://doi.org/10.3847/1538-4365/ab929e
https://ui.adsabs.harvard.edu/abs/2020ApJS..249....3A/abstract
https://doi.org/10.1086/508626
https://ui.adsabs.harvard.edu/abs/2006ApJ...650L..45B/abstract
https://doi.org/10.3847/1538-3881/aa7567
https://ui.adsabs.harvard.edu/abs/2017AJ....154...28B/abstract
https://doi.org/10.1051/0004-6361/201834156
https://ui.adsabs.harvard.edu/abs/2019A&A...622A.103B/abstract
https://doi.org/10.1111/j.1365-2966.2012.21948.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.427..127B/abstract
https://doi.org/10.1046/j.1365-8711.2003.06897.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344.1000B/abstract
https://doi.org/10.1111/j.1365-2966.2005.09131.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.360.1413B/abstract
https://doi.org/10.1086/308692
https://ui.adsabs.harvard.edu/abs/2000ApJ...533..682C/abstract
https://ui.adsabs.harvard.edu/abs/2003IAUS..210P.A20C/abstract
https://doi.org/10.1088/0067-0049/200/2/18
https://ui.adsabs.harvard.edu/abs/2012ApJS..200...18D/abstract
https://doi.org/10.1088/0004-637X/784/1/83
https://ui.adsabs.harvard.edu/abs/2014ApJ...784...83D/abstract
https://doi.org/10.1088/0004-6256/139/4/1628
https://ui.adsabs.harvard.edu/abs/2010AJ....139.1628D/abstract
https://doi.org/10.1093/mnras/stv1256
https://ui.adsabs.harvard.edu/abs/2015MNRAS.451.4126D/abstract
https://doi.org/10.1093/mnras/stw778
https://ui.adsabs.harvard.edu/abs/2016MNRAS.459.2262D/abstract
https://doi.org/10.1093/mnras/sty1381
https://ui.adsabs.harvard.edu/abs/2018MNRAS.478.5379D/abstract
https://doi.org/10.3847/1538-4357/ab6659
https://ui.adsabs.harvard.edu/abs/2020ApJ...889..177E/abstract
https://doi.org/10.1086/422843
https://ui.adsabs.harvard.edu/abs/2004ApJS..154...10F/abstract
https://doi.org/10.1086/518158
https://ui.adsabs.harvard.edu/abs/2007ApJ...663..320F/abstract
https://doi.org/10.1051/0004-6361/201014519
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...3G/abstract
https://doi.org/10.1051/0004-6361:20054163
https://ui.adsabs.harvard.edu/abs/2006A&A...448..181G/abstract
https://doi.org/10.1086/500975
https://ui.adsabs.harvard.edu/abs/2006AJ....131.2332G/abstract
https://doi.org/10.1093/mnras/stx3343
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.2754H/abstract
https://doi.org/10.1046/j.1365-8711.2001.04022.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.322..231K/abstract
https://doi.org/10.3847/1538-3881/aae9e8
https://ui.adsabs.harvard.edu/abs/2018AJ....156..269L/abstract
https://doi.org/10.3847/1538-4365/abadfb
https://ui.adsabs.harvard.edu/abs/2020ApJS..250...23L/abstract
https://doi.org/10.1007/s12036-020-09682-3
https://ui.adsabs.harvard.edu/abs/2021JApA...42...84L/abstract
https://doi.org/10.3847/1538-3881/abe9b3
https://ui.adsabs.harvard.edu/abs/2021AJ....161..215L/abstract
https://doi.org/10.4236/ijaa.2021.112009
https://ui.adsabs.harvard.edu/abs/2021IJAA...11..151L/abstract
https://doi.org/10.3847/1538-4365/ab77a9
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...47L/abstract
https://doi.org/10.1086/426387
https://ui.adsabs.harvard.edu/abs/2005ApJ...619L...1M/abstract
https://doi.org/10.3847/1538-4357/aae8e7
https://ui.adsabs.harvard.edu/abs/2018ApJ...868...55M/abstract
https://doi.org/10.1111/j.1365-2966.2004.08514.x
https://ui.adsabs.harvard.edu/abs/2005MNRAS.356..979M/abstract
https://ui.adsabs.harvard.edu/abs/2005MNRAS.356..979M/abstract
https://doi.org/10.1051/0004-6361/200912497
https://ui.adsabs.harvard.edu/abs/2009A&A...507.1793N/abstract

THE ASTRONOMICAL JOURNAL, 163:138 (12pp), 2022 March

Olsen, K. A. G., Blum, R. D., Stephens, A. W., et al. 2006, AJ, 132, 271

Pastorelli, G., Marigo, P., Girardi, L., et al. 2020, MNRAS, 498, 3283

Pilbratt, G. L., Riedinger, J. R., Passvogel, T., et al. 2010, A&A, 518, L1

Poglitsch, A., Waelkens, C., Geis, N., et al. 2010, A&A, 518, L2

Postma, J. E., & Leahy, D. 2017, PASP, 129, 115002

Postma, J. E., & Leahy, D. 2020, PASP, 132, 054503

Postma, J. E., & Leahy, D. 2021, JApA, 42, 30

Press, W. H., Teukolsky, S. A., Vetterling, W. T., et al. 1992, Numerical
Recipes (2nd edn; Cambridge: Cambridge Univ. Press)

12

Leahy, Seminoff, & Leahy

Saglia, R. P., Fabricius, M., Bender, R., et al. 2010, A&A, 509, A61

Saglia, R. P., Opitsch, M., Fabricius, M. H., et al. 2018, A&A, 618, A156

Singh, K. P., Tandon, S. N., Agrawal, P. C., et al. 2014, Proc. SPIE, 9144E, 1S

Tandon, S. N., Postma, J., Joseph, P., et al. 2020, AJ, 159, 158

Tandon, S. N., Subramaniam, A., Girish, V., et al. 2017, AJ, 154, 128

Trabucchi, M., Wood, P. R., Montalban, J., et al. 2019, MNRAS, 482,
929

Werner, M. W., Roellig, T. L., Low, F. J., et al. 2004, ApJS, 154, 1

Williams, B. F., Lang, D., Dalcanton, J. J., et al. 2014, ApJS, 215, 9


https://doi.org/10.1086/504900
https://ui.adsabs.harvard.edu/abs/2006AJ....132..271O/abstract
https://doi.org/10.1093/mnras/staa2565
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.3283P/abstract
https://doi.org/10.1051/0004-6361/201014759
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...1P/abstract
https://doi.org/10.1051/0004-6361/201014535
https://ui.adsabs.harvard.edu/abs/2010A&A...518L...2P/abstract
https://doi.org/10.1088/1538-3873/aa8800
https://ui.adsabs.harvard.edu/abs/2017PASP..129k5002P/abstract
https://doi.org/10.1088/1538-3873/ab7ee8
https://ui.adsabs.harvard.edu/abs/2020PASP..132e4503P/abstract
https://doi.org/10.1007/s12036-020-09689-w
https://ui.adsabs.harvard.edu/abs/2021JApA...42...30P/abstract
https://doi.org/10.1051/0004-6361/200912805
https://ui.adsabs.harvard.edu/abs/2010A&A...509A..61S/abstract
https://doi.org/10.1051/0004-6361/201732517
https://ui.adsabs.harvard.edu/abs/2018A&A...618A.156S/abstract
https://doi.org/10.1117/12.2062667
https://ui.adsabs.harvard.edu/abs/2014SPIE.9144E..1SS/abstract
https://doi.org/10.3847/1538-3881/ab72a3
https://ui.adsabs.harvard.edu/abs/2020AJ....159..158T/abstract
https://doi.org/10.3847/1538-3881/aa8451
https://ui.adsabs.harvard.edu/abs/2017AJ....154..128T/abstract
https://doi.org/10.1093/mnras/sty2745
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482..929T/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.482..929T/abstract
https://doi.org/10.1086/422992
https://ui.adsabs.harvard.edu/abs/2004ApJS..154....1W/abstract
https://doi.org/10.1088/0067-0049/215/1/9
https://ui.adsabs.harvard.edu/abs/2014ApJS..215....9W/abstract

	1. Introduction
	2. Observations and Data Processing
	2.1. UVIT Data
	2.2. Extension to Optical and Infrared Data

	3. Analysis
	3.1. SSP Analysis Implementation
	3.2. CIGALE Analysis Implementation

	4. Results
	4.1. CIGALE Models for the FUV–NUV-optical-NIR-IR SED of the M31 bulge
	4.2. SSP Models for the FUV–NUV-optical-NIR SED of the M31 Bulge

	5. Discussion
	5.1. Comparison of CIGALE and SSP Models
	5.2. Radial Dependence of Stellar Population Properties in the M31 Bulge
	5.3. Comparison with Previous Work

	6. Conclusions
	References



