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Abstract

The central regions of the Milky Way constitute a unique laboratory for a wide swath of astrophysical studies;
consequently, the inner ∼400 pc have been the target of numerous large surveys at all accessible wavelengths. In
this paper, we present a catalog of sources at 25 and 37 μm located within all of the regions observed with the
SOFIA/FORCAST instrument in the inner ∼200 pc of the Galaxy. The majority of the observations were obtained
as part of the SOFIA Cycle 7 Galactic Center Legacy program survey, which was designed to complement the
Spitzer/MIPS 24 μm catalog in regions saturated in the MIPS observations. Due to the wide variety of source types
captured by our observations at 25 and 37 μm, we do not limit the FORCAST source catalog to unresolved point
sources, or treat all sources as if they are pointlike sources. The catalog includes all detectable sources in the
regions, resulting in a catalog of 950 sources, including point sources, compact sources, and extended sources. We
also provide the user with metrics to discriminate between the source types.

Unified Astronomy Thesaurus concepts: Galactic center (565); Infrared sources (793); Catalogs (205)

Materials only available in the online version of record: machine-readable table

1. Introduction

The center of the Milky Way is galactically unique with
physical properties more like those typically found in starburst
galaxies than in the Galactic disk (e.g., Kruijssen & Long-
more 2013). In the region known as the Central Molecular
Zone, the molecular gas densities are high (∼104 cm−3; e.g.,
Mills et al. 2018), gas and dust temperatures are highly variable
(∼20–400 K; e.g., Ginsburg et al. 2016; Barnes et al. 2017;
Tang et al. 2021), and large turbulent Mach numbers are
derived (∼30; e.g., Kruijssen et al. 2014). This region is also
host to three of the most massive stellar clusters in the Galaxy
—the Arches (Cotera et al. 1996), the Quintuplet (Nagata et al.
1990; Okuda et al. 1990), and the central cluster (Krabbe et al.
1991, 1995). These clusters, along with numerous isolated
massive stars spread throughout the region, are the source of
the radiation and winds that ionize and shape the surrounding
interstellar medium on both small and large scales. Finally, no
summary of the unique nature of the Galactic center (GC) is
complete without noting the impact of the supermassive black

hole Sgr A*, which contributes significantly to the energetics of
the region (e.g., Zhao et al. 2016; Morris 2023). The past
activity of Sgr A

*

may be responsible for large-scale features
such as the X-ray “chimneys” discovered by the XMM-Newton
satellite (Ponti et al. 2019, 2021). Due to the complexity and
unique nature of the GC, there is a wealth of observational and
theoretical studies of the region as discussed in detail in Bryant
& Krabbe (2021) and Henshaw et al. (2023), and references
therein.
Our relative proximity to the GC (8.18± 0.01 kpc; GRAV-

ITY Collaboration et al. 2019) enables us to obtain data with
higher resolution and sensitivity compared to what is possible
in any external galaxy. However, because observations of the
GC are made through the Galactic plane, optical extinction
toward the region (AV∼ 30; e.g., Fritz et al. 2011) is so
significant that optical surveys of the region are not possible.
Consequently, our understanding of the stellar population
depends primarily upon observations at infrared wavelengths.
In particular, as observational capabilities advanced over the
past two decades, large surveys of the inner ∼500 pc have been
completed, with most currently publicly available (see Table 1;
Bryant & Krabbe 2021). The increases in coverage, resolution,
and sensitivities of these surveys have revolutionized our
understanding of this enigmatic region.
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There have been a handful of large mid-infrared (∼4–40 μm)
surveys that have produced searchable catalogs. In particular,
the Spitzer/MIPS point-source catalog assembled by Hinz et al.
(2009) provided photometry for the MIPS 24 μm survey of the
inner 1.°5× 8°.0. The high sensitivity of Spitzer/MIPS at
24 μm, however, resulted in significant portions of the survey
being unusable due to saturation (see Figure 1; Hankins et al.

2020). More recently, Hankins et al. (2020) presented
observations of the inner ∼200 pc of the GC, using the
Stratospheric Observatory for Infrared Astronomy (SOFIA) at
25 and 37 μm as part of the SOFIA/FORCAST Galactic
Center Survey Legacy program. Those data were combined
with previously available SOFIA/FORCAST 25 and 37 μm
observations to create a large mosaic, which was discussed in

Table 1
Observations

SFGC Obs. Coordinates Int. Time (s)

Field Date Fits Header Object Name l b 25 (μm) 37 (μm) AOR ID Other Names

1 2019-Jul-1 Galactic Center Field_11 0.674 −0.051 210.2 176.1 07_0189_11 Sgr B1
2 2019-Jul-1 Galactic Center Field_10 0.641 −0.092 527.9 480.1 07_0189_10 Sgr B1
3 2019-Jul-1 Galactic Center Field_9 0.631 −0.041 614.4 625.7 07_0189_9 Sgr B1
4 2019-Jul-4 Galactic Center Field_8 0.584 −0.053 432.9 404.0 07_0189_8 Sgr B1
5 2019-Jul-4 Galactic Center Field_12 0.534 −0.072 414.2 386.6 07_0189_35 Sgr B2
6 2019-Jul-1 Galactic Center Field_13 0.496 −0.051 522.2 531.9 07_0189_36 Sgr B2
7 2019-Jul-2 Field_A-1 0.487 0.063 261.1 241.4 09_0216_1 ...
8 2019-Jul-2 Field_B-1 0.413 −0.040 556.4 514.2 09_0216_2 ...
9 2019-Jul-2 Field_C-1 0.377 0.028 567.7 524.7 09_0216_3 ...
10 2019-Jul-9 Galactic Center Field_7 0.337 −0.024 217.1 191.7 07_0189_7 ...
11 2019-Jul-9 Galactic Center Field_6 0.310 −0.058 458.1 415.4 07_0189_6 ...
12 2019-Jul-4 Galactic Center Field_U 0.223 −0.089 468.2 437.0 07_0189_32 ...
13 2019-Jul-2 Galactic Center Field_ 0.222 −0.044 491.9 479.5 07_0189_31 ...
14 2019-Jul-9 Galactic Center Field_V 0.216 −0.135 504.9 457.8 07_0189_33 ...
15 2019-Jul-2 Galactic Center Field_R 0.198 0.022 426.8 386.5 07_0189_29 ...
16 2019-Jul-9 Galactic Center Field_W 0.190 −0.169 482.4 500.3 07_0189_34 ...
17 2019-Jul-8 Galactic Center Field_S 0.182 −0.018 469.3 430.2 07_0189_30 ...
18 2019-Jul-10 Galactic Center Field_Y 0.174 −0.068 504.3 470.6 07_0189_38 QPS
19 2015-Jul-4 Arches NE Cyc3 0.173 0.053 166.0 856.2 70_0300_23 ...
20 2019-Jul-3 Galactic Center Field_Q 0.145 0.006 518.2 500.3 07_0189_28 Arches Cluster
21 2019-Jul-10 Galactic Center Field_X 0.141 −0.045 483.7 451.4 07_0189_37 Sickle
22 2015-Jul-3 Arches NW Cyc3 0.137 0.094 284.5 246.3 70_0300_20 ...
23 2015-Jul-4 Arches E Cyc3 0.130 0.039 213.4 173.2 70_0300_26 Filament W1
24 2019-Jul-2 Galactic Center Field_P 0.102 −0.073 524.7 511.5 07_0189_27 ...
25 2019-Jul-3 Galactic Center Field_O 0.101 −0.023 472.4 450.8 07_0189_26 ...
26 2015-Jul-7 Arches SE Cyc3 0.093 0.020 224.5 210.5 70_0300_29 Filament W1
27 2015-Jul-4 Arches W Cyc3 0.085 0.070 253.0 248.0 70_0300_17 Filament W2
28 2019-Jul-9 Galactic Center Field_M 0.065 −0.089 493.4 447.3 07_0189_24 ...
29 2019-Jul-2 Galactic Center Field_L 0.055 −0.053 523.8 450.7 07_0189_23 ...
30 2015-Jun-13 Region H North 0.054 0.027 302.5 345.2 70_0300_15 Filament W2
31 2019-Jul-3 Galactic Center Field_K 0.051 −0.008 504.9 396.5 07_0189_22 ...
32 2019-Jul-8 Galactic Center Field_I 0.039 −0.124 504.9 457.8 07_0189_20 ...
33 2019-Jul-3 Galactic Center Field_G 0.015 −0.022 491.5 399.4 07_0189_18 ...
34 2019-Jul-2 Galactic Center Field_H 0.012 −0.079 526.8 490.5 07_0189_19 ...
35 2021-Jul-1 Field_F 0.009 −0.169 372 392.7 09_0216_6 ...
36 2015-Jun-13 Region H South 359.996 0.026 92.5 75.2 70_0300_12 H1-H8
37 2019-Jul-8 Galactic Center Field_F 359.975 −0.064 472.0 432.7 07_0189_17 Sgr A
38 2019-Jul-3 Galactic Center Field_E 359.970 −0.019 393.2 319.5 07_0189_16 Sgr A
39 2019-Jul-4 Galactic Center Field_B 359.942 0.027 486.3 453.8 07_0189_13 ...
40 2019-Jul-8 Galactic Center Field_D 359.934 −0.068 458.1 415.4 07_0189_15 Sgr A
41 2019-Jul-1 Galactic Center Field_C 359.930 −0.019 439.5 368.1 07_0189_14 Sgr A
42 2019-Jul-1 Galactic Center Field_A 359.867 −0.007 477.8 400.1 07_0189_12 ...
43 2019-Jul-11 Galactic Center Field_5 359.737 −0.018 461.4 359.6 07_0189_5 ...
44 2021-Jul-7 Field_I 359.681 −0.007 539.7 539.7 09_0216_9 ...
45 2019-Jul-11 Galactic Center Field_3 359.641 −0.062 403.8 314.6 07_0189_3 ...
46 2022-May-26 Field_J 359.58 −0.061 544.5 544.5 09_0216_10 ...
47 2022-May-26 Field_K 359.538 −0.076 513.6 513.6 09_0216_11 ...
48 2022-May-20 Field_L 359.483 −0.089 487.1 487.1 09_0216_12 ...
49 2021-Jul-7 Field_N-1 359.429 0.019 575.4 575.4 09_0216_14 ...
50 2019-Jul-8 Galactic Center Field_2 359.429 −0.087 384.6 384.6 07_0189_2 Sgr C
51 2022-May-25 Field_O 359.408 −0.032 354.2 354.2 09_0216_15 ...
52 2019-Jul-8 Galactic Center Field_1 359.376 −0.080 402.1 402.1 07_0189_1 Sgr C

Note. Bold font highlights observations taken in Cycle 9.
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Hankins et al. (2020). Since the publication of that paper,
additional fields have been observed with FORCAST in the
same configuration as the Legacy Survey and are presented
below.

In this paper, we use the best available observations of the
GC obtained with SOFIA/FORCAST at 25 and 37 μm to
construct a comprehensive source catalog for these observa-
tions. The structure of this paper is as follows: in Section 2 we
discuss the observations that are included in the catalog. In
Section 3 we discuss the methods we use to derive the
measurements provided in our source catalog, including fluxes,
uncertainties, quality flags, and extinction estimates. In
Section 4 we provide an analysis of our findings, including
our completeness limits, astrometric uncertainties, comparisons
with the Hinz et al. (2009) Spitzer/MIPS data for overlapping
sources, and a preliminary discussion of the additional
parameter space that can be investigated using the catalog
data. We summarize the development of the catalog in
Section 5. Detailed information on the contents of the full
online catalog and software developed to produce the catalog,
both of which are publicly available, are provided in
Appendices A and B, respectively.

2. Observations and Data Reduction

Observations were obtained on the 2.5 m telescope on board
SOFIA (Young et al. 2012) using the FORCAST instrument
(Herter et al. 2012). FORCAST is a 256× 256 pixel dual-
channel, wide-field mid-infrared camera with a field of view
(FOV) of ¢ ´ ¢3. 4 3. 2 and a plate scale of 0.″768 per pixel. The

two channels consist of a short-wavelength camera operating at
5−25 μm and a long-wavelength camera operating at
28–40 μm. The two channels can be observed simultaneously
using the dichroic beam splitter, the configuration employed for
all of the observations presented in this paper. The nominal
point-spread function (PSF) for an unresolved source has an
FWHM of ∼2 3 at 25 μm and ∼3.″4 at 37 μm; however, this
performance was not uniformly achieved due to observational
anomalies as discussed in Hankins et al. (2020) as well as
inherent small FORCAST PSF variations from flight to flight.
The source catalog presented here is derived from the best

quality FORCAST observations taken of the GC at 25 and
37 μm. The catalog covers all of the regions observed with
FORCAST at these wavelengths and includes all observations
except those obtained as part of the SOFIA early science
program. Several of the early science program fields were
observed again in Cycle 7 to obtain higher-quality data and to
ensure consistency with the full Legacy Survey. The observa-
tions we used were obtained as part of three SOFIA/
FORCAST programs: 70-300 (PI: Herter), 07-189 (PI:
Hankins), and 09-216 (PI: Hankins). The first observations
were obtained in 2015 June, and the last were completed in
2022 May. A total of 52 fields were observed and are
summarized in Table 1. The majority of the fields (35) were
obtained as part of the SOFIA Galactic Center Survey Legacy
program, with an additional seven fields obtained prior to the
survey program. All of these observations were combined into
a single map of the GC and are discussed in greater detail in the
Legacy program overview paper (Hankins et al. 2020). An
additional 10 fields were obtained as part of Cycle 9 and are

Figure 1. Upper: Mosaic of all currently available SOFIA/FORCAST images in the Galactic center at 25 and 37 μm. The source catalog presented here is derived
from observations of the individual fields. The numbers correspond to the SFGC Survey and Catalog fields as listed in Table 1. The 37 μm mosaic image is red, and
the 25 μm image is green. Lower: Same as upper image, with the addition of the Spitzer/IRAC 8 μm image of the Galactic center in blue. Well-known regions of
interest are labeled.
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presented here for the first time with further details provided in
Section 2.1.

Table 1 uses the image FITS header information to provide
the observation date, the FITS file object name, central
coordinates, and integration times. We have used bold font to
highlight observations taken in Cycle 9. Since we are
combining data from three separate programs, with diverse
naming conventions (as reflected in the FITS file object
names), here we superimpose a single naming convention
based on Galactic location, beginning with Field 1 located at
Sgr B2, going east to Field 52 just past Sgr C. A mosaic of all
the images and the corresponding field numbers is presented in
Figure 1.

As can be seen in Table 1, the observations have a significant
range of integration times. The legacy survey data and Cycle 9
data were designed to obtain consistent results, but small
alterations were necessary due to flight constraints. For the
majority of the fields, the observations were designed to
achieve a nominal 5σ point-source depth of 250 mJy at 25 μm,
which is equivalent to a 3σ extended source depth of
1200MJy sr−1. Based on the integration times determined by
the 25 μm observations, the simultaneously obtained 37 μm 5σ
point-source depth was 550 mJy. The 25 μm imaging depth is
comfortably below the MIPS hard saturation limit for the
existing 24 μm GC map (∼400 mJy for point sources or
∼2300MJy sr−1 for extended emission).

2.1. Cycle 9 Observations

In Cycle 9, we observed an additional 10 fields: three are
between Sgr B and Sgr A, five are between Sgr A and Sgr C,
and two are north of Sgr C as shown in Figures 1 and 2. Three
of these fields were part of the original plan for the Cycle 7
legacy program but were not observed at that time due to
scheduling constraints. The goal of the Cycle 9 program was to
expand data coverage with SOFIA/FORCAST to ensure a
more comprehensive map of the GC at 25 and 37 μm,
particularly in regions with compact sources identified in other
observations that are detectable with FORCAST but did not
have robust 24–25 μm data (e.g., saturated objects in the
Spitzer/MIPS observations) or had prominent Herschel 70 μm
sources. To give an example, there are numerous less well-
studied mid-IR sources at negative Galactic longitudes between
Sgr A and Sgr C, which were observed with the Cycle 9
program. The asymmetry of sources in the GC has long been

known, and several of these fields were selected to help reduce
possible observational bias in the study of star formation
throughout the region.

2.2. Data Reduction

The data reduction steps are presented in detail in Hankins
et al. (2020); here we provide a brief summary. All
observations were processed using the pipeline steps described
in Herter et al. (2013). Images from each individual pointing
were combined using the SOFIA Data Pipeline software
REDUX (Clarke et al. 2015) to construct the preliminary
FORCAST Level 4 image mosaics presented here. Both the
Level 3 and 4 data products from this program are available for
download via the NASA/IPAC Infrared Science Archive
(IRSA) at doi:10.26131/IRSA570.
Creating the mosaics for this data set involved several

challenges which are discussed in detail in Hankins et al.
(2020). For the catalog presented here, it is important to note
that background matching was performed between adjacent
fields in the mosaics, and this information was used in
processing the final images for individual fields. As part of data
reduction steps for C2NC2 imaging with SOFIA/FORCAST, it
is customary to force the background near the edges of the
images to be approximately zero.14 The complex emission
features commonly encountered in the GC (e.g., molecular
clouds), mean that the usual step of forcing the observations to
zero median background can result in a mismatch between the
flux levels in neighboring fields. Thus, we have carefully
examined all overlapping regions between fields and appro-
priately scaled background levels to ensure agreement between
the data in the large mosaic. There is still the potential for an
overall DC offset in the imaging data for this program;
however, this does not adversely impact the derived source
parameters presented here since any flux associated with large-
scale features is removed as part of the background subtraction
performed on all fields (see Section 3.1).
We also note that telescope pointing for fields observed with

FORCAST, and the resultant astrometric measurements, are
only accurate to within a few pixels (∼1″). There are also well-
known issues with distortion corrections with the instrument

Figure 2. Additional regions observed in Cycle 9. Regions observed as part of Cycle 7 are outlined in yellow, and regions observed in Cycle 9 are outlined in green.
All regions are labeled with their corresponding field number in Table 1. Red is the 37 μm image, green is 25 μm, and blue is the Spitzer/IRAC 8 μm image. Left:
regions at positive longitudes between Sgr B and Sgr A. Sgr B1 is seen in the lower left. Right: regions at negative longitudes between Sgr A and Sgr C. Sgr C is seen
in the lower right.

14 Any sufficiently large-scale emission features compared to the instrument
FOV are subtracted away as part of the nodding and chopping process intrinsic
to the observations
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(Adams et al. 2012), especially in the C2NC2 mode, which
relies on the use of the entire instrument FOV. Therefore,
astrometry was absolutely calibrated using the available Spitzer
and Midcourse Space Experiment (MSX) data by matching up
the centroids of point sources in common between those maps
and the SOFIA data. The astrometric solutions for the
observations, along with any adjustments related to the
discussion above, were used as part of the catalog input. In
Section 3.3.1, we explore the astrometric accuracy of the
catalog sources in greater depth.

3. Creation of the FORCAST Source Catalog

Figure 3 presents the steps taken to create the source catalog
presented in this paper, including additional plans for a
supplemental catalog of very extended sources, which is
beyond the scope of the current paper. As shown in the figure,
processing steps for identifying and extracting source fluxes are
performed on individual frames. This choice was motivated by
the fact that the observations of individual fields vary in terms
of data quality (e.g., see Hankins et al. 2020) and also
integration times. Furthermore, the SOFIA/FORCAST PSF is
not stable and is known to vary from flight to flight. These
issues present many challenges, which preclude working with
the mosaic images (e.g., Figure 1) to produce the source catalog
for this program.

We note that in the GC, the interrelationship of objects
ranging from stellar pointlike sources to highly extended
nebular objects is scientifically important, particularly when
seeking to create a comprehensive picture of this highly
complex region. Consequently, we decided early on to include
all source types in our FORCAST catalog rather than focusing
strictly on pointlike sources. This is of particular importance
given that the beam size of SOFIA/FORCAST at the GC is
∼0.1 pc, such that numerous compact H II regions are resolved
throughout the region (e.g., Hankins et al. 2019).

Details on the processing steps are explained more fully in
the following sections, but here we provide a brief synopsis.
The process starts by running multiple detection algorithms on
each individual field and then combining the results to produce
source lists for each field. Next, multiple photometric
measurements are performed based on the derived source
coordinates, including aperture photometry and model-fitting
routines that use 2D Moffat and 2D Gaussian functions. We
determined that a comprehensive catalog necessitates the
inclusion of multiple, varied source measurements because of
the wide variety of source types present in the observations.
There is a continuum of source types in this region ranging
from pointlike, to marginally extended, to highly extended, and
one extraction method was incapable of capturing robust fluxes
for this diversity of source types.
After source detection and photometry, quality cuts are used

to remove any sources with low signal-to-noise ratios (SNRs).
The outputs for individual fields are then merged to create two
source catalogs at 25 μm and 37 μm. From here the 25 and
37 μm catalogs are crossmatched and combined. Photometry is
performed again for any sources that have only one wavelength
measurement at this stage to ensure that there are measurements
at both wavelengths for all sources or appropriate upper limits
for sources that do not meet significance criteria.
Next, we add numerous data quality flags to aid in evaluating

the reliability of the different flux measurements. We then
perform a crossmatch with the Spitzer/IRAC point-source
catalog of the GC (Ramírez et al. 2008) and calculate the
average astrometric accuracy of the catalog. Future work will
more fully integrate the Spitzer/IRAC and other observations
to enable detailed multiwavelength studies of individual
sources, but here we only use the IRAC data to evaluate our
astrometric accuracy. Finally, we provide an extinction
estimate, including a quality assessment, for each source.
For the final product, we are providing two versions of the

catalog. The full catalog is a standard FITS table consisting of
80 data columns that include all source flux measurements and
uncertainties, a wide variety of measurement parameters,
quality flags, and an extinction estimate. In addition, a version
that includes image cutouts, such as those used in this paper, is
also available via an online software repository that hosts both
the data and code developed as part of this effort (doi:10.5281/
zenodo.11459088).15 We have also created a short form of the
full catalog, containing the types of measurements more
typically found in point-source catalogs. Details on all of the
data included in both catalogs, as well as further specifics on
how to access the catalogs, are provided in Appendix A. An
example of the measurements included in the short-form
catalog is presented in Table 2.
This catalog has been developed under the auspices of the

SOFIA Galactic Center Survey Legacy program; therefore we
have sought to be consistent with the SOFIA data products,
particularly the FORCAST data cookbook.16 As such, the
catalog, and software for the catalog, have been developed
using image coordinates (pixels) rather than celestial coordi-
nates (arcseconds) throughout (1 pixel= 0 768). All of the
photometry and accompanying measurements are derived
utilizing the Astropy Project suite of Python packages (Astropy
Collaboration et al. 2022) and Photutils (Bradley et al. 2020).

Figure 3. Flowchart illustrating the methodology used to create the SFGC
catalogs.

15 Also on GitHub at https://github.com/mjhankins/SFGCphotcode.
16 https://github.com/SOFIAObservatory/Recipes/blob/master/
FORCAST_Photometry.pdf
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Table 2
Short-form Catalog Data for Sources in Figures 4, 5, and 6

25 μm Flux (Jy) FWHM 37 μm Flux (Jy) FWHM
Source ID R.A. (J2000) Decl. (J2000) Apert. σ Gaussian σ (pixels) Apert. σ Gaussian σ (pixels)

SFGC359.505-0.1076 17h44m51 44 −29d24m52.ˢ86 16.4 1.29 13.7 1.07 2.5 7.91 0.781 6.67 0.557 3.68
SFGC0.205-0.1170 17h46m33.ˢ84 −28d49m18.ˢ42 23.1 1.81 21 1.65 4.3 38.1 3.09 33.5 2.71 4.76
SFGC0.346-0.0271 17h46m32.ˢ91 −28d39m15.ˢ77 82.1 6.41 82.5 6.46 5.8 145 11.6 131 10.6 7.51
SFGC359.975-0.0813 17h45m52.ˢ64 −29d00m00.ˢ06 104 8.11 109 8.53 6.6 144 11.7 129 10.5 8.3
SFGC0.667-0.0358 17h47m20.ˢ35 −28d23m05.ˢ07 53.5 4.19 60.1 4.73 8.3 744 59.8 666 53.7 9.45
SFGC0.044 + 0.0139 17h45m40.ˢ20 −28d53m29.ˢ39 63.8 6.23 76.4 7.41 9.5 134 11.7 114 10.4 12.4
SFGC359.945 + 0.0145 17h45m25.ˢ92 −28d58m32.ˢ14 29 2.29 34.3 2.71 11.5 69 5.71 60.7 5.11 12.7
SFGC0.094 + 0.0081 17h45m48.ˢ69 −28d51m06.ˢ91 42.5 4.17 52.8 5.3 12.9 86.3 8.79 75.3 8.12 13
SFGC359.861 + 0.0021 17h45m16.ˢ78 −29d03m14.ˢ40 37.1 3.1 45.9 4.02 14.2 55.4 4.68 47.5 4.28 15.2
SFGC0.165-0.0601 17h46m14.ˢ84 −28d49m35.ˢ06 35.6 2.91 35.9 3.01 5.4 56 4.64 L L L
SFGC359.646-0.0559 17h44m59.ˢ52 −29d16m03.ˢ63 55.6 4.36 65.2 5.15 10.1 103 8.39 89.1 7.3 11.9
SFGC359.935-0.0457 17h45m38.ˢ61 −29d00m55.ˢ53 172 14.9 216 20.5 15.2 690 58.6 594 53.3 14.3
SFGC0.376 + 0.0400 17h46m21.ˢ43 −28d35m38.ˢ98 2.12 0.236 1.79 0.148 2.94 23.1 1.89 19.5 1.56 3.8
SFGC0.205-0.1170 17h46m33.ˢ84 −28d49m18.ˢ42 23.1 1.81 21 1.65 4.29 38.1 3.09 33.5 2.71 4.8
SFGC0.658-0.0413 17h47m20.ˢ40 −28d23m42.ˢ09 31.3 2.45 30.2 2.36 5.04 236 18.9 213 17.1 6.2
SFGC359.655-0.0667 17h45m03.ˢ47 −29d15m53.ˢ80 40.5 3.17 41.1 3.23 6.09 61.6 4.96 55.6 4.48 8.4
SFGC0.667-0.0358 17h47m20.ˢ35 −28d23m05.ˢ07 53.5 4.19 60.1 4.73 8.3 744 59.8 666 53.7 9.5
SFGC0.514-0.0461 17h47m01.ˢ10 −28d31m15.ˢ52 30.2 2.44 35.1 2.84 9.92 71.2 5.99 61.8 5.3 12.1
SFGC359.739-0.0242 17h45m05.ˢ47 −29d10m18.ˢ14 21.6 1.7 25.2 1.99 9.45 51.9 4.2 43.8 3.57 13.8
SFGC0.555-0.0702 17h47m12.ˢ50 −28d29m55.ˢ31 19.7 1.6 23 1.91 13.6 54.3 4.47 45.6 3.87 14.4
SFGC0.101 + 0.0246 17h45m45.ˢ88 −28d50m13.ˢ61 48.7 4.79 60.1 6.13 14.2 122 11.6 103 10.3 15.4
SFGC359.436-0.1034 17h44m40.ˢ54 −29d28m15.ˢ99 12.3 1.01 13.7 1.08 3.71 52.7 4.33 49.3 4.02 5.6
SFGC0.159-0.0469 17h46m10.ˢ80 −28d49m30.ˢ62 42.8 3.98 51.7 4.8 10.4 82.8 7.68 71.6 6.84 11
SFGC359.956-0.0510 17h45m42.ˢ91 −28d59m59.ˢ71 88.7 7.91 103 9.1 9.6 240 24.4 207 24.9 14.2

(This table is available in its entirety in machine-readable form in the online article.)
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As part of the online materials associated with this paper, we
are releasing all of the code developed to create the source
catalog. This is discussed in Appendix B. Full information on
how to use all codes developed for this program is also
available in the online repository.

3.1. Source Detection

We begin the data analysis process for each field by
performing background subtraction on the data. Because the
GC is a very complex region with numerous extended sources
like molecular clouds, we must be careful in constructing a
background model that can account for large-scale variations
across the image unrelated to the sources we are attempting to
measure. For this purpose, we construct a 2D model back-
ground using the MMMBackground17 from Photutils with a
box size of 9 pixels at 25 μm and 11 pixels at 37 μm. As part of
this step, we perform an initial detection of sources meeting a
3σ significance level that also has a kernel FWHM of at least
3 pixels. Pixels meeting these criteria are masked and then the
background model is constructed from the remaining emission
in the image.

Next, source detection is carried out on the background-
subtracted images using two different algorithms. The first
method is based on the DAOFIND algorithm (Stetson 1987),
included in the Photutils package (Bradley et al. 2020) as the
DAOStarFinder routine. This routine searches for local density
maxima that meet a defined threshold (5σ above the measured
background of the image) and have a size and shape consistent
with a 2D Gaussian kernel which we define to be similar to the
FWHM of a point source at 25 and 37 μm as observed by
FORCAST. This method is optimal for finding pointlike
sources and marginally extended objects that still resemble the
input Gaussian kernel; however, there are limits to how well it
performs for sources that are more extended or may not appear
very much like the input Gaussian kernel.

For extended or irregular sources not well fit by the
DAOStarFinder input parameters, we turn to a different
method known as image segmentation,18 which is also
implemented as part of the Photutils package. As the name
suggests, image segmentation defines sources within the image
as “segments” that contain a minimum number of connected
pixels above the 3σ measured background of the image, which
we set to 10 pixels. An additional deblending step is used to
separate sources with multiple peaks or components. Because
the segmentation map has no input assumptions, in theory, this
enables both highly extended and irregularly shaped sources to
be identified and measured more accurately. The segmentation
mapping routine does identify many of the compact and point
sources found with DAOStarFinder. Both methods, however,
have weaknesses in addition to their strengths, primarily related
to their input assumptions. DAOStarFinder requires an input
kernel which is best for finding sources that are similar in size
and shape to the kernel, in our case a 2D Gaussian kernel. This
method can miss irregular sources, which may not have a
strong resemblance to the input kernel. Alternatively, segmen-
tation mapping requires no input source shape but instead relies
on finding a collection of adjacent pixels above a user-specified
noise level. This method is good for finding extended sources

or irregular shapes; however, pointlike sources are typically
detected at lower significance when compared to DAOStar-
Finder, which can result in missing some fainter sources when
comparing the results of both methods.
We therefore combine the output source lists from

DAOStarFinder and segmentation mapping prior to performing
any photometry. The combined source list for each field
includes a flag to indicate which method found each source. In
cases where both methods find the same source, the coordinates
for the source are taken from DAOStarFinder, which provides
better centroiding for compact sources.
We also examined the performance of other well-known

source-finding algorithms such as Photutils IRAFStarFinder,19

which is based on the IRAF Starfind routine. The performance
of IRAFStarFinder on the SOFIA/FORCAST images was
virtually identical to DAOStarFinder; consequently, we do not
include the IRAFStarFinder output in the final source list.
Finally, as we examined our output lists, we found that a

handful of visually identifiable sources were missed by both
finding methods. This primarily occurred for sources located at
the edge of fields where the dither pattern had less complete
coverage or in regions with very complex background
emissions that limited the effectiveness of the source-finding
routines. In the case of “edge” sources, these regions are
typically masked to avoid large numbers of spurious detections;
however, there were several instances where this led to missing
obvious sources. Thus we interactively marked and added these
obvious but missing sources to the final lists as “user-
identified.” A final source list including the DAOStarFinder,
segmentation mapping, and user-identified results is created for
each field and used for all subsequent photometry.

3.2. Photometry

The next stage of building the catalog is to derive fluxes for
all detected sources. Figures 4 and 5 provide cutout images at
25 and 37 μm, respectively, to illustrate the diversity of sources
included, and some of the challenges involved in accurately
measuring the source flux given the wide variety of types we
encounter. In the figures, we present good examples of the
three source types we are including with confidence in the
catalog data, ranging from unresolved point sources to
extended sources.
The SOFIA/FORCAST cookbook discusses best practices

for photometry using both aperture and 2D Moffat fitting. For
aperture photometry, it is recommended to use the same
apertures that are used for calibrators, a 12 pixel radius with a
15–25 pixel annulus for local background subtraction. In the
GC, the combination of numerous crowded regions and regions
with significant diffuse emission precludes this approach for a
majority of sources. Their other recommendation is to use a
slightly elongated 2D Moffat function, which allows for a
better fit to the stellar wing profiles as opposed to a strict
Gaussian fit, to extract the flux. This is still not sufficient for all
of our sources because a significant number of the sources in
the catalog are resolved compact and extended sources.
We tested numerous iterations of aperture photometry sizes,

2D Moffat function fitting, and 2D Gaussian fitting to address
the variety of sources identified in our source lists. What we
found was that each method has strengths and weaknesses17 https://photutils.readthedocs.io/en/stable/api/photutils.background.

MMMBackground.html
18 https://photutils.readthedocs.io/en/stable/api/photutils.segmentation.
SegmentationImage.html

19 https://photutils.readthedocs.io/en/stable/api/photutils.detection.
IRAFStarFinder.html
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depending on the nature of the source. Generally, the Moffat
fitting works best for sources that are unresolved. The Gaussian
fitting tends to work better for compact but less circular
sources. Aperture photometry is best for irregular shapes and
for sources that are relatively symmetric but are resolved as
compact or extended sources.

Finally, since this catalog provides only 25 and 37 μm flux
values, we anticipate that a wide variety of science investiga-
tions addressed with the FORCAST data will require combin-
ing this catalog with observations at both longer and shorter
wavelengths. The resolutions at other wavelengths, however,
vary significantly. They can range from 1″, typical of ground-
based near-infrared observations (e.g., UKIDSS; Lawrence
et al. 2007), to the 20″−30″ resolution of the Herschel 70
−500 μm observations (Hi-GAL; Molinari et al. 2010); further
demonstrating that treating all sources as if they are resolved
point sources would limit the usefulness of the catalog.

In the full-form catalog, we provide the best model flag that
indicates which method—aperture photometry, 2D Moffat fitting,
or 2D Gaussian fitting—provides the best measurement based on
χ2 and other statistical analyses for each of the sources.

3.2.1. Aperture Photometry

Aperture photometry is the most straightforward method for
deriving the source flux so we begin there. Following the
FORCAST Data Handbook recommendation to perform
aperture photometry on background-subtracted frames, we
use the background-subtracted frames created via a process
similar to that described in Section 3.1; however, we use a
larger box size (14 pixels for 25 μm and 16 pixels for 37 μm)
for the background model, to avoid adversely impacting the
photometry measurements for more extended sources.
We began testing source photometry using the Handbook

recommendation of a 12 pixel aperture, and a 12–25 pixel
annulus for local subtraction but found that such a large
aperture and background annulus did not produce the best
results. Too often, within the recommended aperture or annulus
there is either an additional point source or part of an extended
source (see Figure 6 for examples). We also found we could
not just use the model background-subtracted image without
local background subtraction because of the complex nature of
the diffuse emission. For the local background subtraction, we

Figure 4. Examples of the cutout images from the full catalog at 25 μm. The names correspond to those used in the SFGC catalog. The axes are in pixels. The color
scale is in Jy pixel−1. The short-form catalog measurements for these sources are presented in Table 2. The sources shown are good examples of point sources (upper
row), compact sources (middle row), and extended sources (bottom row) included in the catalog. The teal circles are 4, 8, and 12 pixel radii apertures (3.″1, 6.″1, and
9 2, respectively). The red circle is the FWHM value measured from the Gaussian fit, which is given in the upper left corner.
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use the median value of the background annulus measured for
each source.

As can be seen in the variety of sources presented in
Figures 4 and 5, some of the sources are well isolated and
appear to be typical point sources; but even for some of these,
we had a difficult time deriving accurate SNR values
(Section 3.2.4). After numerous iterations, we determined that
good flux values for the full range of sources could not be
obtained using only one aperture. We found that using three
apertures enables us to capture meaningful fluxes for all but our
most highly extended sources, and when used compared to
each other, provides the user with an empirical method for
exploring the nature of the source object (see Section 4.3).

In order to determine which apertures best captured both
meaningful flux measurements and provided usable informa-
tion regarding source type, we turned to the calibration source
images taken concurrently with some of the Cycle 7
observations. By using the diffraction profile for these bright
calibration sources, we determined that the radii of the emission
minima for the first, second, and third Airy Rings best met our
criteria. Given the variability of the observing conditions, there

were still differences in these values depending on the flight. At
25 μm our best reproducible calculations of these values are
4.04± 0.01, 7.8± 0.2, and 11.0± 1.2 pixels. At 37 μm our
best calculations of these values are 5.33± 0.01, 10.73± 0.03,
and 13.8± 0.1 pixels.
To ensure consistent and reproducible results, at 25 μm we

provide flux measurements using 4, 8, and 12 pixel apertures
(3 1, 6 1, and 9 2, respectively). These apertures are overlaid
on the 25 μm source images presented in Figure 4. For the
37 μm data, we provide flux measurements for 5.5, 10.5, and
14 pixel apertures (4 2, 8 0, and 10 75, respectively).
Figure 5 provides examples of our catalog sources at 37 μm
overlaid with the apertures at these radii.
The local background is subtracted using an annulus around

the sources. To ensure we minimized the inclusion of source
flux in our background annuli while maintaining reproducible
results, we used the same size background annulus for all of the
objects and aperture measurements: 12−20 pixels at 25 μm and
14−22 pixels at 37 μm.
As can be seen in Figures 4 and 5, the 8 pixel (at 25 μm) and

10.5 pixel (at 37 μm) apertures include nearly all of the flux for

Figure 5. Examples of the cutout images from the full catalog at 37 μm. The names correspond to those used in the SFGC catalog. The axes are in pixels. The color
scale is in Jy pixel−1. The short-form catalog measurements for these sources are presented in Table 2. The sources shown are good examples of point sources (upper
row), compact sources (middle row), and extended sources (bottom row) included in the catalog. The teal circles are 5.5, 10.5, and 14 pixel radii apertures (4.″2, 8.″0,
and 10 75, respectively). The red circle is the FWHM pixel value measured with the Gaussian fit, which is given in the upper left corner. The color scale is in
Jy pixel−1.
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those sources that are clearly not extended, and we recommend
using those flux values as the most robust for comparisons over
the entire GC. These are the aperture fluxes included in the
short-form catalog (Table 2).

In Section 4, we analyze the differences in the resulting flux
values and examine how the ratios of the different aperture
fluxes can be used to analytically evaluate the individual
sources. We also examine how the aperture results compare
with the other methods we include in the full catalog as
discussed below.

3.2.2. 2D Moffat Fitting

Since the PSF of FORCAST observations varies signifi-
cantly from flight to flight, the SOFIA handbook recommends
fitting sources individually, noting that the inner portions of the
PSF can be well fit using a slightly elongated 2D Moffat
profile. The outer portions, however, are not well modeled by a
Moffat function, with Su et al. (2017) finding that careful PSF
modeling must be done to accurately measure excess emission
within 10″ of the target. Such detailed modeling, however, is
beyond the scope or needs of the source catalog presented here.
We perform 2D Moffat fitting for all of the sources in our
catalog as suggested in the FORCAST data cookbook, and do
not attempt more detailed modeling.

To determine the best-fit Moffat model for each source, we
use the Levenberg–Marquardt least-squares fitting routine in
the astropy.modeling package, along with the 2D Moffat model
routine within the same package. Although the Moffat model is
expected to work well for pointlike sources, our source catalogs
include numerous marginally resolved and extended sources
that will not be well fit by the Moffat profile. To account for

these instances, we calculate a reduced χ2 statistic for each
source and use this to produce a quality flag to indicate poor
model fits, where the derived Moffat flux may be unreliable. In
these cases where the Moffat model was unsuccessful,
parameters related to the Moffat fit are masked in the final
source table.

3.2.3. 2D Gaussian Fitting

Since many of the sources are compact without necessarily
being pointlike, or have asymmetries that are not well handled
by 2D Moffat fitting (which assumes radial symmetry), we also
perform 2D Gaussian profile fitting for sources in the catalog.
In addition, in the literature, FWHM values are often provided
for sources, and these values are usually derived from fits
assuming a Gaussian profile. By performing and including our
2D Gaussian fitting results in the full catalog, we are able to
provide the user with comparable FWHM values for nearly all
of the sources. In Figures 4–6, we have overlaid the measured
FWHM on the images. We use this FWHM value to color map
our analysis in Section 4.
The Astropy 2D Gaussian model-fitting routine also

provides a first-order approximation for more elliptical source
geometries (e.g., Su et al. 2017). As such, our 2D Gaussian-
derived photometry is most useful for marginally extended
sources that are asymmetric. To account for these instances, we
calculate a reduced χ2 statistic for each source and use this to
produce a quality flag to indicate poor model fits where the
derived Gaussian flux may be unreliable. In these cases where
the Gaussian model was unsuccessful, parameters related to the
Gaussian fit are masked in the final source table.

Figure 6. Cutout images of irregular source objects at 25 μm (top) and 37 μm (bottom). The overlays are the same as in Figures 4 and 5, respectively. These cutout
images illustrate the challenges to deriving accurate fluxes from crowding, irregularly shaped objects, and adjacent bright diffuse emission.
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For more extended nonsymmetric sources, the largest
aperture photometry currently provides the most robust
measurements.

3.2.4. Flux Uncertainties

Flux uncertainties quoted in the catalog are uncertainties in
the photometric measurement only and do not include
calibration uncertainties. For all SOFIA/FORCAST observa-
tions, the uncertainty in each pixel is dominated by a
combination of sky noise and pixel response variation because
the data are not “flat-fielded” and the image background is
already a residual background due to the sky subtraction that
occurs as part of the observation. Following from the
FORCAST Photometry cookbook,20 we assume the uncertainty
due to pixel-to-pixel response variation and the Poisson noise
from the sky are approximately equal. This allows us to express
the absolute measurement uncertainty, σm, as

( )s s p s= =N r2 2 , 1m b b
2

pix
2

ap
2 2

where Npix is the number of pixels contained within the
aperture, rap is the aperture radius in pixels, and σb is the
standard deviation of the measured background pixels. Back-
ground measurements were obtained for each source using an
annulus centered at the source location, with rin= 12 pixels
and rout= 20 pixels at 25 μm and rin= 14 pixels and
rout= 22 pixels at 37 μm, respectively. In the case of model
photometry (Moffat 2D and Gaussian 2D), we estimate the
measurement uncertainty following the same method and adopt
an effective aperture radius equal to ∼1.5× the mea-
sured FWHM.

The information required to estimate the overall flux
uncertainty for each source is also provided in the catalog.
Following from the SOFIA/FORCAST data cookbook, the
fractional flux uncertainty, η, for each source can be derived
from the following expression:

( ) ( ) ( ) ( )h s h h= + +F , 2m
2

0
2

flux
2

model
2

where σm is the measured photometric uncertainty, F0 is the
source flux, ηflux is the relative uncertainty in flux calibration,
and ηmodel is the relative uncertainty in the flux calibration
model at the given wavelength. The value of ηflux for each
source is provided in the catalog as columns named
“ErrCalF25” or “ErrCalF37.” The value for ηmodel is generally
taken to be 5% (Dehaes et al. 2011).

3.2.5. Shape Parameters

The 2D Moffat and 2D Gaussian fitting routines also
produce parameters related to the morphological shape of the
sources. For instance, the 2D Moffat parameters can be used to
calculate a 1D FWHM for each source, while the 2D Gaussian
parameters provide both a major and minor axis FWHM, the
ratio of which is a good measure of the source asymmetry. In
the full version of the catalog, we provide the derived
parameters needed to address these deviations from a point-
source morphology. In the abridged version of the catalog
(Table 2), only the 1D Gaussian FWHM is provided.

3.3. Assembling the Catalog

The catalogs are combined by first matching all of the same
sources for a given wavelength, generating “master” tables at
25 and 37 μm. At this stage, we remove all sources with
SNR<3. As we combined the tables we found that source
duplication is frequent, particularly for sources that fall in the
overlapping regions between two or more fields.
Any duplicate sources are compared for quality by looking at

their SNR value. The source with the highest SNR is retained,
with any lower-SNR sources removed from the master table.
The SNR provides a good discriminate for the best sources to
keep since most duplicates are found near the edges of fields
where the dither pattern for one observed field might not cover
the source as fully as another, particularly if the source is nearer
to the field center in one of the observed fields.
Next, we match sources found at 25 and 37 μm. This is

accomplished by doing a radial coordinate search between the
two master tables. Any sources found within 3″ are grouped
together as the same source.
When we first combined the tables from the two different

wavelengths, we identified numerous instances where a source
was detected, and passed our viability tests, at one wavelength,
but was not included in the final results at the other wavelength.
The reasons were varied but often happened because our SNR
minimum was achieved at only one wavelength. In order to
ensure that all the sources have measurements available from
both wavelengths, we use the coordinates for the source at the
wavelength already included in the catalog, and perform our
three aperture photometry measurements at that location at the
other wavelength. We provide these values as upper limits in
the full catalog. Because of the nature of this group of sources,
the 2D Moffat and 2D Gaussian measurements frequently fail,
so these methods are not used to derive upper limits. In
Section 3.3.2, we discuss the quality flags included in the
catalog to provide the user with a measure of the reliability of
the quoted fluxes.

3.3.1. Astrometry

In order to estimate the astrometric uncertainty of our
catalog, we crossmatch our source catalog with the Spitzer/
IRAC catalog of the GC from Ramírez et al. (2008). The
absolute astrometry of Spitzer/IRAC is much better than
SOFIA/FORCAST because of well-known issues with dist-
ortion mapping across the full FOV of the FORCAST camera
(Adams et al. 2012). In order to provide a reliable estimate of
the uncertainties in our published source coordinates, we derive
universal position uncertainties by evaluating those sources in
our catalog that can be well-matched to sources in the Spitzer
catalog.
We restrict our search of the Spitzer/IRAC catalog

(henceforth SSTGC) for comparison to objects that have an
8 μm counterpart to our measured sources. This is in part
because the shorter wavelength bands of the SSTGC catalog
typically have multiple sources within the FORCAST apertures
due to the crowded nature of sources in the GC and the intrinsic
resolution of FORCAST. In addition, these shorter wavelength
sources are predominantly main-sequence stars, so are not
actually the same sources as those measured at the FORCAST
wavelengths. The 8 μm sources, on the other hand, are
typically intrinsically cool enough that they are very likely
the same source as the one measured in the FORCAST catalog

20 https://github.com/SOFIAObservatory/Recipes/blob/master/FORCAST-
photometry_detailed.ipynb

11

The Astrophysical Journal, 973:110 (23pp), 2024 October 1 Cotera et al.

https://github.com/SOFIAObservatory/Recipes/blob/master/FORCAST-photometry_detailed.ipynb
https://github.com/SOFIAObservatory/Recipes/blob/master/FORCAST-photometry_detailed.ipynb


at 25 and 37 μm. The SSTGC 8 μm sources thereby enable us
to gauge the astrometric accuracy of the coordinates in our
catalog.

After performing the source crossmatch, we calculate the
difference in R.A. and decl. from the SSTGC catalog and our
catalog on a source-by-source basis. The results can be seen in
Figure 7. The astrometric deviation for the SOFIA/FORCAST
Galactic Center (SFGC) catalog based on this analysis is
R.A. +0.″34± 1.″52 and decl. −0.″06± 1.″40. These values
represent the mean of the offsets using all of the sources, with
the 1σ uncertainty derived using that mean. We note that this
result is quite good considering that the FWHM calculated for
the ideal instrument performance of SOFIA/FORCAST is 2.″8
at 25 μm and 3.″2 at 37 μm.

3.3.2. Quality Analysis

A variety of quality flags are included with the catalog to aid
in evaluating individual source measurements.

As part of the criteria used to merge the different wavelength
catalogs, only those sources with SNR� 3 based on the 8 pixel
aperture measurements at 25 μm and 10.5 pixel aperture at
37 μm are retained. However, in instances where a source is
significantly detected at either 25 or 37 μm, we perform forced
photometry at the other wavelength to provide upper-limit
measurements. We include a photometric quality flag at both
25 and 37 μm to highlight any source aperture measurements
that fail our SNR� 3 significance criterion for any of the
apertures. For measurements that fail our significance criterion,
we recommend using the provided 3σ upper-limit measure-
ments for the failed aperture.

All of the observations are background-subtracted as part of the
photometric pipeline (see Section 3.2), but the GC is full of
complex background regions where brightness variations may not
be completely subtracted off in this step, especially near molecular

clouds and/or other bright complex sources (e.g., Figure 6).
Sources with significant local background variations as measured
in the source background annuli are flagged. This flag (see
Table 3) provides a quick way of knowing whether a source is in a
relatively complex background region, which could potentially
impact the measured photometry.
An additional quality flag that is useful to consider is the edge

flag. The edge flag is set when a source is found near the edge of
a field where, because of the dither pattern, the location has been
observed with less than 80% of the exposure time obtained for
the center of the field. In these regions where the dither coverage
is less complete the final image noise is greater, and the observed
source morphology can be affected. Thus, care should be taken
when using the fluxes for sources in such regions.

3.3.3. Extinction

The line-of-sight extinction to the GC is notoriously large and
highly variable. The flux values provided in our catalog are only
measurements of the observed flux. Since scientific investigations
often require intrinsic fluxes, adjusted for the line-of-sight
extinction, we are providing estimates of τ9.6 for each source,
using values derived by Simpson (2018). In that paper, she
analyzed all available Spitzer/IRS observations, exploring a
variety of parameters including electron densities, ionic abun-
dances, excitation, and extinction. Simpson (2018) provides a
detailed description of how the τ9.6 values we include in our
catalog were derived. In brief, by using a combination of
modeling of the 9.6 μm silicate feature and lower-limit estimates
using the [S III] 18.7/33.5 μm lines, it is possible to estimate a τ9.6
value for each IRS observation. We use these estimates based on
τ9.6 rather than those available in the near-infrared to minimize the
needed assumptions to derive absolute fluxes at 25 and 37 μm.
The Spitzer/IRS observations used were taken from several

programs and were not obtained as a comprehensive spatial
survey. Consequently, there are gaps in the coverage. To ensure
we have optical depth values for all our sources, we have used
a “nearest-neighbor” interpolated τ9.6 map (provided by J.
Simpson; private communication) to derive a τ9.6 value for
each source based on their catalog coordinates. We note,
however, that due to the large gaps in the observations, not all
τ9.6 values are equally reliable. Therefore, we also estimate the
distance between each of our sources and the nearest IRS
observed location; the larger the calculated distance from the
IRS observation used, the lower the reliability of the provided
τ9.6 value. At distances greater than ∼30″, the extinction values
should be used with caution.
We use the Chiar & Tielens (2006) extinction law to

compute conversion factors for τ9.6–τ25.2 and τ37.1. We
estimate these values by convolving the extinction law with
the FORCAST F252 and F371 filter profiles, thereby deriving
conversion factors of τ25.2/τ9.6= 0.41 and τ37.1/τ9.6= 0.28.

3.4. Limitations for Highly Extended Sources

In constructing this source catalog, there are sources whose
derived FWHM values are 12 pixels at 25μm and 14 pixels at
37μm. Since these sources are comparable, or even larger than,
the largest extraction apertures, their catalog fluxes are probably
either underestimated or have had emission that is actually
intrinsic to the source subtracted as background emission. A future
paper will supplement the full catalog provided here with
additional flux measurements for these very extended sources

Figure 7. Calculated offsets between crossmatched SOFIA/FORCAST sources
in this catalog and 8 μm Spitzer/IRAC sources from the SSTGC catalog
Ramírez et al. (2008). The astrometric uncertainties of the SFGC catalog based
on this analysis are R.A. +0 34± 1 52 and decl. −0 06 ± 1.″40.
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Figure 8. Comparison of the fluxes as derived using the five metrics discussed in the text at 25 μm (left) and 37 μm (right). The slope and intercept values are derived
using over 95% of the sources. The color map uses the catalog FWHM values (in pixels) derived from the 2D Gaussian fits for the sources at the respective
wavelengths, ranging from 0 to 14 pixels (0–10.″75) at 25 μm and 0–16 pixels (0–12.″3) at 35 μm.
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using the segmentation mapping methods discussed above. The
inclusion of fully tested, robust values for these sources is beyond
the scope of this paper. The current catalog does include a “very
extended” flag (vExtFlag) for sources with calculated FWHM
values >12 pixels at 25μm and >14 pixels at 37 μm, whose
measured fluxes, even in the largest apertures, are not reliable. We
include these sources here only for completeness.

4. Analysis

Given the ease with which online catalogs can now be
accessed, we are producing both a long-form and short-form
catalog. The short-form catalog provides our best source
coordinates, flux measurements in Jy, uncertainties, and
measured Gaussian FWHM. An example of this catalog is
shown in Table 2, where we list the values for the sources shown
in Figures 4–6, in the order in which they appear in the figures.
This short-form catalog is more consistent with traditional point-
source catalogs, with only the medium aperture and best-fitted
fluxes included. The long-form catalog provides all of the
measurements we performed and numerous quality flags, for a
total of 80 columns. This includes the five flux measurements
(three apertures, 2D Moffat and 2D Gaussian fitting) per
wavelength, uncertainties for each method, quality flags, shape
parameters, and much more. The full contents of this catalog are
presented and discussed in detail in Appendix A. Figures 4–10

are made using the full catalog, which also includes the source
image cutouts as shown in Figures 4–6.

4.1. Photometry Results

In Figure 8, we present the results from the five different
photometry methods used to determine the flux in Jy at both
25μm and 37μm. In the figures, we use the results of the medium
pixel aperture measurements (8 pixels at 25μm and 10.5 pixels at
37μm) as our basis for comparison to fluxes derived using the
smaller and larger apertures and the Gaussian 2D fitting fluxes. In
addition, we compare the results from the Moffat 2D and
Gaussian 2D fits. As shown in Figures 4 and 5, the survey
contains sources that span a large range of sizes. In Figures 8–10,
we use the FWHM measurements calculated by the 2D Gaussian
fitting program to color map the sources, using FWHM ranges of
0−14 pixels (0−10.″75) at 25 μm and 0−16 pixels (0−12.″3) at
35μm. The color mapping enables us to visually demonstrate the
effect of source size on the various derived values.
The scatter in these plots provides a good illustration of why

we are providing multiple measurement methods, rather than
just one. Although we can fit sources with analytical methods,
those measurements may not actually be the flux for that
particular source. Figure 8 also illustrates why trying to apply a
simple aperture correction is not a feasible option and would
actually degrade the usefulness of the results. In particular, the

Figure 9. The measured 8 pixel and 10.5 pixel aperture fluxes and uncertainties are used to illustrate the source catalog completeness. Upper: measured magnitude
uncertainties vs. magnitudes for the 25 and 37 μm sources. The vertical dashed lines are at [25] = 2.0, and [37] = 1.2, and the horizontal are at a magnitude
uncertainty of 0.2 mag. Lower: measured flux uncertainties vs. measured flux. The vertical dashed lines are for limiting fluxes of 0.75 Jy at 25 μm, and 1.5 Jy at
37 μm. The baseline flux uncertainties lines are at 0.125 and 0.325 Jy, respectively.
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uncertainties involved in calculating an aperture correction
would be the largest uncertainty component for any flux
derived using aperture corrections.

To provide an empirical analysis of the differences between the
various photometric measures, we calculate the slope and intercept
values for all of the comparisons of the derived fluxes shown in
Figure 8. To minimize the effect of outliers and to ensure
consistency across the figures, we use only sources with a
measured medium aperture flux of less than 200 Jy. Of the 950
sources listed in the catalog, this includes a maximum of 881
sources at 25 μm and 829 at 37μm. In Figure 8, we limit the
displays to sources with measured fluxes less than 25 Jy at 25 μm
and 50 Jy at 37μm to better visualize the correlation between
source size and measured fluxes across the various methods for
the majority of the sources. Depending on the combination of
photometry results illustrated in the individual plots, these limits
enable us to include 70%−80% of the sources.

We find that the number of sources with reliable Gaussian and
Moffat fits, as seen in Figure 8, is less than those with reliable
medium aperture fluxes. The number of sources with Gaussian fit
measurements is ∼75% of the medium aperture measurements at
25μm and∼82% at 37μm. The number of sources with Moffat fit
measurements is ∼50% of the medium aperture sources at 25μm
and ∼45% at 37μm. The differences between the Gaussian and
Moffat fits are likely related to the asymmetries found in the
sources resulting from the elongated PSF in several of the regions
due to observational difficulties (Hankins et al. 2020). The 2D
Gaussian fits are better able to handle deviations from a circularly
symmetric PSF. As can be seen, in general, the more compact the

source, as determined by their measured FWHM, the less the
measured flux is affected by the measurement method. Conversely,
the more extended the source, the more the derived flux depends
on the chosen measurement method. This is to be expected since
the emission of an unresolved point source is by definition
contained within a resolution-limited radius and should be
relatively unaffected by measurement method. The converse is
true as we move to larger sources that are resolved, and therefore
intrinsically extend beyond a resolution-limited PSF.
The closest matches between aperture and fitting photometry are

found in the 8 pixel (25μm) and 10.5 pixel (37μm) apertures. This
is why we use those apertures as our canonical aperture
photometry values. Interestingly, at 25 μm this leads to aperture
photometry values, which are lower than those derived from a
Gaussian fit but give higher values at 37μm. This is likely due to
the differences in diffraction limits at the different wavelengths.
The bottom row in Figure 8 presents photometry from the 2D

Moffat fit versus the 2D Gaussian fit. As can be seen, they are
providing essentially the same measurements regardless of source
size. This is a result of the similarities in the fitting methodologies.

4.2. Catalog Completeness

The observations in the FORCAST GC Legacy survey were
undertaken to provide higher resolution mid-infrared observa-
tions than MSX (Egan et al. 2003) in regions where the
Spitzer/MIPS observations are saturated (Hinz et al. 2009;
Hankins et al. 2020). A consequence of this approach is that we
are able to provide good measurements of the brightest sources

Figure 10. Plots using the ratio of medium pixel aperture fluxes divided by the small pixel aperture fluxes as the x-axis to explore source types. Top 25 μm, and
bottom 37 μm. Left: number of sources vs. the aperture ratio. Center: measured FWHM from the 2D Gaussian vs. the aperture ratios. The measured FWHM is
unreliable beyond 20 pixels at 25 μm, and 25 pixels at 37 μm; therefore sources with a derived FWHM greater than these limits have been set to the limit, even though
their derived aperture ratios vary. Right: comparison of the large to medium apertures vs. the medium to small aperture ratios. The vertical and horizontal lines indicate
the approximate ratio limits for our point-source and compact-source categories.
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but at the expense of detecting and measuring faint sources.
A detailed comparison of overlapping FORCAST and MIPS
sources is discussed in Section 4.4.

Point-source catalogs at wavelengths 10μm typically are
given in magnitudes (e.g., Ramírez et al. 2008). For those catalogs,
the completeness is characterized by where the magnitude
uncertainty versus magnitude curve increases rapidly. Since we
anticipate that the FORCAST source catalog will be used with
catalogs that use both magnitudes and fluxes, we examine the
limits of the catalog using both magnitudes and fluxes.

SOFIA/FORCAST observations are always given in flux
values, so in order to investigate the catalog in magnitudes, we
must first convert observed flux values to magnitudes. This has
actually proven more difficult than anticipated. The FORCAST
observations are solely calibrated to flux units of Jy pixel−1,
and there are no magnitude zero-points for the FORCAST
filters provided by the SOFIA Data Handbook. Communica-
tions with SOFIA support confirmed that no zero-points have
been measured as part of the calibration programs. Therefore
we have calculated zero-points for the F253 and F371 filters
using the available filter functions and an analytical Vega
spectrum. We calculate that at 25.3 μm the zero-point is
6.15 Jy, and at 37.1 μm the zero-point is 2.86 Jy.

In Figure 9, we present both the magnitude versus magnitude
uncertainties and the flux versus flux uncertainty plots for the
canonical aperture measurements, scaled to emphasize the faint
limits. As can be seen, we find that the sensitivity limits in
magnitudes are [25] 2.0 and [37] 1.2. In flux units, the
limits are 0.75 Jy at 25 μm and 1.5 Jy at 37 μm.

In the lower right plot in Figure 9, the flux versus flux
uncertainty at 37μm, we note that the measured uncertainties are
consistently larger than at 25 μm. This result is anticipated as the
observations were optimized for the 25μm observations, with the
37μm taken in parallel. For the selected integration times, the time
estimators indicated that the SNRs at 25 μm should be
approximately twice those at 37μm, which is born out in this plot.

4.3. Source Characterization

The FWHM measured for all of the sources as part of the 2D
Gaussian fitting photometry, although a useful metric, is not
always indicative of the nature of the source. In Figures 4 and 5,
we presented cutout images for a very small sample of the

sources to illustrate the range of roughly circular objects
included in the survey, corresponding to point sources, compact
sources, and extended sources. In Figure 6, we present additional
sources at both wavelengths to illustrate repeatedly encountered
anomalies. These include, but are not limited to: faint sources
near very bright emission features, irregularly shaped objects,
and regions of crowding. For these sorts of objects, the user is
advised to determine whether aperture photometry or point-
source fitting will provide a more accurate flux value through
visual examination. Because there are a significant number of
such sources, the full online source catalog contains the cutout
images used in Figures 4–6, for all of the catalog sources.
To examine the catalog sources in aggregate, We have found

that by using a combination of the measured FWHM and ratios
of the fluxes in different size apertures, we are able to roughly
separate the sources into our four categories of point sources,
compact sources, extended sources, and highly extended
sources. In Figure 10, we demonstrate how these metrics can
be used to investigate the population in general. In Figure 10,
we evaluate the 8/4 pixel aperture ratio at 25 μm and the 10.5/
5.5 pixel aperture ratio at 37 μm by number, correlation to the
measured FWHM, and correlation to the 12/8 pixel aperture
ratio at 25 μm and the 14/10.5 pixel aperture ratio at 37 μm to
differentiate source type. Interestingly, as can be seen in
Figure 10, at 25 μm, there appear to be two peaks of the 8/4
aperture flux ratio around 2.0 and 3.0. These are the
approximate values that separate point from compact and
compact from extended sources. By contrast, the ratio at 37 μm
shows a single peak at approximately 2.5. One interpretation of
this result is that due to the higher resolution and SNR at
25 μm, the aperture photometry is more readily able to separate
unresolved sources from more resolvable extended sources,
distinctions which are more difficult at 37 μm.
If we plot the measured FWHM versus the aperture ratios,

what we see is general agreement between aperture ratios and
the measured FWHM, with a gradual and continuous
correlation seen as we move from compact to extended
sources. There are, however, a number of sources whose
8/4 pixel (or 10.5/5.5 pixel) flux ratios indicate they are less
pointlike, resulting in larger aperture ratio values. The
divergence in these values is due to different aspects of
crowding, either including additional point sources within the

Figure 11. FORCAST at 25.3 μm vs. MIPS at 23.7 μm. Left: filter functions for the FORCAST 25 μm F253 filter and the MIPS 24 μm filter. We use the central
wavelength of the MIPS filter to color-correct the published MIPS data to the FORCAST central wavelength. The significant differences in the filter functions
highlight why comparisons using the adjusted fluxes are for illustration purposes only. Middle: magnitude vs. magnitude uncertainties using the FORCAST 2D
Gaussian source fits and the adjusted MIPS fluxes. Right: FORCAST vs. MIPS measurements for the 58 matched sources. In general, there is good agreement, but
there is significant scatter resulting from the accuracy of measurements for the duplicate sources.
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aperture radii (e.g., SFGC0.165-0.0601 in Figure 6), or nearby
diffuse emission (e.g., SFGC359.956-0.0510 in Figure 6).

Finally, we find that if we plot the large/medium versus
medium/small apertures, we are best able to differentiate
source types. The lines shown in the rightmost plots in
Figure 10 correspond to the ratios separating our different
source types. It is to be noted that these ratio limits are
consistent with the source types presented in Figures 4 and 5.
As can be seen, there are sources that are exceptions to all of
these trends clearly visible in the plot. The combination of
these observed trends, the anomalies, and the wide variety of
source types are the motivation for providing the user with a
wide variety of measurements and making cutout images
available for all of the sources.

4.4. Comparison of FORCAST and MIPS Catalogs

Although the FORCAST GC survey targeted regions
saturated in the MIPS survey, there is some overlap with
unsaturated regions containing sources included in the MIPS
point-source catalog. The filters used in the MIPS 24 μm
observations and the FORCAST F253 filter are, however,
significantly different (see Figure 11). In order to accurately
compare the overlapping sources, we must first adjust the
derived fluxes. We do this here by using a simple color
correction calculated using the filter profiles and a Vega
spectrum which was used to adjust the MIPS (23.7 μm) fluxes
to the FORCAST (25.3 μm) values.

Using the adjusted MIPS magnitudes, we revisit the
magnitude versus magnitude uncertainty plot at 25 μm, adding
in the MIPS sources located within a rectangular region defined
by the boundaries of the FORCAST data (see Figure 1). As we
can see in Figure 11, the FORCAST data is first and foremost a
bright source complement to the MIPS survey. We use the

FORCAST 2D Gaussian fitted magnitudes for this plot as they
are the most similar of our five photometry methods to the
TinyTim model PSF fitting method used in the MIPS survey
catalog (Hinz et al. 2009; Krist et al. 2011). As can be seen, the
overlapping magnitudes are limited to [25] ∼ 0–3. Unfortu-
nately, this is also the region in which the measurement
uncertainties for the FORCAST observations are rapidly
increasing.
If we set a 2″ matching radius and search for sources

identified in both surveys, we find only 58 duplicates. These are
plotted in the final panel of Figure 11. As can be seen, there is a
good general agreement for these sources, although there is
significant scatter. In the middle plot, we can see the reasons for
both the paucity of duplicate sources and the scatter. There is
very little overlap in the magnitude space (and physical space;
see Figure 12), even if we look at all of the sources in the
central ∼200 pc; this was actually by design. Another
prominent source of uncertainty when comparing the MIPS
and FORCAST fluxes comes in the color correction due to
differences in the filter profiles (Figure 11, left). Notably, the
MIPS 24 μm filter is much bluer than the FORCAST 25 μm
filter, and accurate correction for these differences requires
applying knowledge of the individual source spectra, which is
beyond the scope of this work. Considering these factors, we
are unable to provide a meaningful measurement of universal
differences between the observed fluxes in the two catalogs.
However, this analysis clearly shows the difference in phase
space occupied by the majority of FORCAST sources
compared to MIPS, most of which was part of the survey
design.
In Figure 12 we present the spatial distribution for the

SOFIA/FORCAST catalog sources and the MIPS catalog
sources. The FORCAST sources are color coded using our
point, compact, and extended source types following the

Figure 12. Spatial distribution of the 25 μm sources in the SOFIA/FORCAST catalog and the Spitzer/MIPS catalog (Hinz et al. 2009). Top: histogram of source
counts as a function of Galactic longitude. Lower: FORCAST sources that are nominal point sources (FWHM < 6 pix) are marked as blue stars; compact sources
(6 < FWHM <12 pix) are marked as green triangles; extended sources (12 < FWHM < 18 pix) are marked as red diamonds. The MIPS sources are represented as
yellow crosses, and the background image is a gray-scale Spitzer/IRAC 8 μm map of the region displayed in a log-stretch. As can be seen, the SOFIA/FORCAST
catalog very effectively fills in the regions missed by MIPS. Clustered extended sources highlight Sgr B1, QPS, the Arches, Sgr A, and Sgr C as labeled in Figure 1.
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designations discussed in Section 4.3. We overlay the figure
with the sources from the 24 μm Spitzer/MIPS catalog
surrounding the full FORCAST observations. Comparing the
distribution of sources between the catalogs, we first note that
the SOFIA/FORCAST sources successfully fill in the regions
that do not have sources included in the MIPS source catalog
due to saturation. We further note that the sources identified as
extended in our catalog cluster where one would expect them,
highlighting Sgr B1, the Sickle, the Arches, Sgr A, and Sgr C
as labeled in Figure 1. Regions with relatively few sources
appear to be coincident with known molecular clouds such as
the “Brick” near l∼ 0°.25 and the “dust ridge” feature (Lis et al.
1994; Immer et al. 2012), which extends to near Sgr B.

4.5. Preview of Stellar Population Analysis

While a complete and detailed study of the sources contained
in this catalog is reserved for future papers, we provide here a
first look at the parameter space that can be explored with the
catalog. We present two color–magnitude diagrams (CMDs) in
Figure 13. As part of this analysis, a crossmatch of the catalog
was performed with the SIMBAD database (Wenger et al.
2000) in order to identify sources that have been observed
and classified in the literature. We use the 8 μm magnitudes
from the SSTGC, matched in our astrometric analysis
(Section 3.3.1), and our derived 25 μm magnitudes
(Section 4.2) to create a [25] versus [8]−[25] CMD
(Figure 13). We find distinctive clustering by source types
with OH/IR, AGB, and Mira variables being significantly less
red than known young stellar object (YSO) candidates (YSOc).
This clustering of sources using the FORCAST catalog is
similar to what is observed in comparing Spitzer/IRAC
8 μm data and Spitzer/MIPS 24 μm data in other regions of
the sky that have quality MIPS 24 μm data (e.g., the LMC;
Whitney et al. 2008). In addition, in the region of previously
identified YSO candidates, we find numerous additional
sources included in the SOFIA/FORCAST catalog that have
yet to be classified. Examining these sources with the latest

models for massive YSOs (e.g., Fedriani et al. 2023), is the
primary objective for the next phase of the SFGC Legacy
program.
We also present a CMD using just the SOFIA/FORCAST

25 and 37 μm data to explore the potential for newly
discovered sources. Although these filters are not as separated
in wavelength space as the 8 and 25 μm observations, we are
able to show that there are many more sources included in the
catalog than just those with a corresponding 8 μm counterpart.
These sources are potentially interesting as they appear to be
much redder than what is found in the SSTGC catalog and
represent previously unexplored parameter space.
Finally, we note that a majority (65%) of the catalog sources

do not have a known classification in SIMBAD, and many do
not have a well-defined object type but are rather labeled by the
wavelength space in which they have been identified such as
radio, X-ray, infrared, or near-infrared. These two CMDs
clearly illustrate that there is great potential for identifying
other objects of significant interest among these less well-
studied sources. This catalog has been developed to provide a
versatile aid for future investigations of these sources.

5. Summary

We present here the source catalog for all of the fields
observed with SOFIA/FORCAST in the GC at 25 μm (F253)
and 37 μm (F371). The catalog is available for download on
IRSA at doi:10.26131/IRSA570 and comes in two forms: an
abbreviated version which is analogous to a typical point-
source catalog (see Table 2), and the full version described in
detail in Appendix A. For a typical use case comparing source
fluxes over the entire catalog, we recommend the use of the
8 pixel aperture measurements at 25 μm and the 10.5 pixel
aperture measurements at 37 μm similar to what is presented in
Section 4.5. However, it may be wise to take into account the
measured FWHM given the varied nature of sources in the
catalog. These measurements are provided in both the

Figure 13. Left: [8]–[25] vs. [25] CMD produced using data from the SSTGC catalog (Ramírez et al. 2008) as well as data from the catalog presented in this paper.
Right: [37] vs. [25]–[37] CMD. Both panels show a reddening vector consistent with extinction measurements for the GC ( =A 2.4;Ks Fritz et al. 2011). For these
plots, sources in the catalog have been crossmatched against known objects in SIMBAD (Wenger et al. 2000), and any source type that has three or more instances has
been labeled. We note there is a wide variety of source types identified from the literature; however, more than half of the objects in the catalog do not have a known
object type at present. These unclassified sources are labeled “No Class” and are represented as gray circles in the plots. Additional information on the “No Class”
sources is provided to indicate whether they have either Spitzer/IRAC channel 1 (3.6 μm) or channel 4 (8.0 μm) counterparts in the SSTGC catalog.
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short-form catalog discussed above and the full catalog
presented in Appendix A.

In certain cases, a user may still need additional measure-
ments which are provided in the full catalog. The full catalog
contains five measurements of the flux for each identified
source: three different aperture radii measurements, and fitting
using 2D Moffat and 2D Gaussian methods. Additionally, there
are quality flags and shape measurements to aid in addressing
the quality of sources and their derived fluxes. Flux upper
limits are provided for sources that do not meet the significance
criteria for the catalog. In addition to flux and fit measurements,
the FITS table version of the catalog hosted with the code on
Zenodo contains cutout images, such as those presented in
Figures 4–6, for all of the sources.

Further work on the SFGC Legacy program is currently
underway. As noted earlier in the text, we are working to
develop a supplementary catalog for highly extended sources,
for which the measurements presented here are likely only
lower limits of the true source fluxes. The next phase of science
analysis for this program is focused on studying stellar
populations contained within the region, and in particular
YSOs. An overarching goal of the legacy program is to provide
a measure for the star formation rate of GC. The catalog
presented in this paper is an important step toward that goal,
though we note that this catalog can contribute to various types
of studies within this interesting and important region within
our Galaxy.
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Appendix A
The SOFIA/FORCAST Galatic Center Catalogs

The SFGC catalogs are available for download on IRSA
along with a searchable form via the GATOR database.21

Additional versions are available as FITS tables hosted on
Zenodo along with the source code developed for the project.
This file is named “SFGC_MasterCatalog.fits” and includes all
the information presented in Table 3. Table 3 provides the
exact nomenclature for each column, any units associated with
the column data, and a brief description of the measurements
included in that column. The FITS table version of the catalog
also contains cutout images for each source (such as those
presented in Figures 4–6) and residual images after subtracting
the Moffat and Gaussian fits where applicable, and therefore is
a rather large file. An additional file named “SFGC_Master
Catalog_NoCutouts.fits” contains all the same measurements but
excludes the cutout and residual images. Last, “SFGC_Short
Catalog.fits” contains only the measurements illustrated in
Table 2; the column nomenclature and descriptions are provided
in Table 4. Additional ASCII versions of “SFGC_Master
Catalog_NoCutouts” and “SFGC_ShortCatalog” are also
provided.

21 https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?mission=irsa&submit=
Select&projshort=SOFIA
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Table 3
Master Catalog Data Nomenclature

Column Name Units Description

SourceID ... Sofia FORCAST Galactic Center l b; i.e., SFGC0.036-0.1818
ra deg R.A. (J2000)
dec deg Decl. (J2000)
BestModel_25um ... Best estimate of source flux: A = Aperture, M =Moffat, G = Gaussian
Flux_25um_4pix Jy Background-subtracted 4 pixel aperture flux
Flux_25um_4pix_err Jy 4 pixel aperture flux uncertainty
SNR_25um_4pix ... SNR for 4 pixel aperture flux
Flux_25um_8pix Jy Background-subtracted 8 pixel aperture flux
Flux_25um_8pix_err Jy 8 pixel aperture flux uncertainty
SNR_25um_8pix ... SNR for 8 pixel aperture flux
Flux_25um_12pix Jy Background-subtracted 12 pixel aperture flux
Flux_25um_12pix_err Jy 12 pixel aperture flux uncertainty
SNR_25um_12pix ... SNR for 12 pixel aperture flux
ApRatio_25um_8_4 ... Ratio of the 8–4 pixel aperture fluxes
ApRatio_25um_12_8 ... Ratio of the 12–8 pixel aperture fluxes
ApPhot_25um_qflag ### Quality flags for 25 μm photometry: 0 = SNR > 3, 1 = SNR < 3

4 pixel aperture/8 pixel aperture/12 pixel aperture
UL_25um_4pix Jy 4 pixel aperture measured upper limit for source identified in 37 μm observations
UL_25um_8pix Jy 8 pixel aperture measured upper limit for source identified in 37 μm observations
UL_25um_12pix Jy 12 pixel aperture measured upper limit for source identified in 37 μm observations
Flux_25um_M2D Jy Measured 2D Moffat fit flux
Flux_25um_M2D_err Jy 2D Moffat fit flux uncertainty
SNR_25um_M2D ... 2D Moffat fit SNR measurement
chi2_25um_M2D ... χ2 measurement of 2D Moffat fit
qflag_25um_M2D ... Quality flag for the 2D Moffat fitting procedure; 0 = Nominal, 1 = Failed
Flux_25um_G2D Jy Measured 2D Gaussian fit flux
Flux_25um_G2D_err Jy 2D Gaussian fit flux uncertainty
SNR_25um_G2D ... 2D Gaussian fit SNR measurement
chi2_25um_G2D ... χ2 measurement of 2D Gaussian fit
qflag_25um_G2D ... Quality flag for the 2D Gaussian fitting procedure; 0 = Nominal, 1 = Failed
fwhm_25um pixel 2D Gaussian fit derived FWHM
fwhm_25um_err pixel 2D Gaussian FWHM measured uncertainty
elong_25um ... 2D Gaussian fit derived elongation parameter (ratio of semimajor and semiminor axes)
vExtFlag_25um ... Very extended flag at 25 μm' True if measured FWHM>12 pix, False if �12 pix
bkg_qflag_25um ... Quality flag for background measurement; 0 = nominal, 1 = high local background
edge_flag_25um ... True if the source is located in a dithered region with <80% of the total exposure time, False if nominal
Err_CalF_25um ... 25 μm calibration error factor, ηflux; see Section 3.2.4
cutout_25um pix,pix Central coordinates for 25″ × 25″ cutout image at 25 μm
M2D_resid_25um pix,pix Residual image produced by subtracting the Moffat model from the data cutout
G2D_resid_25um pix,pix Residual image produced by subtracting the Gaussian model from the data cutout
BestModel_37um ... Best estimate of source flux: A = Aperture, M =Moffat, G = Gaussian
Flux_37um_5_5pix Jy Background-subtracted 5.5 pixel aperture flux
Flux_37um_5_5pix_err Jy 5.5 pixel aperture flux uncertainty
SNR_37um_5_5pix ... SNR for 5.5 pixel aperture flux
Flux_37um_10_5pix Jy Background-subtracted 10.5 pixel aperture flux
Flux_37um_10_5pix_err Jy 10.5 pixel aperture flux uncertainty
SNR_37um_10_5pix ... SNR for 10.5 pixel aperture flux
Flux_37um_14pix Jy Background-subtracted 14 pixel aperture flux
Flux_37um_14pix_err Jy 14 pixel aperture flux uncertainty
SNR_37um_14pix ... SNR for 14 pixel aperture flux
ApRatio_37um_10_5 ... Ratio of the 10.5–5.5 pixel aperture fluxes
ApRatio_37um_14_10 ... Ratio of the 14–10.5 pixel aperture fluxes
ApPhot_37um_qflag ### Quality flags for 37 μm photometry: 0 = SNR > 3, 1 = SNR < 3

5.5 pixel aperture/10.5 pixel aperture/14 pixel aperture
UL_37um_5_5pix Jy 5.5 pixel aperture measured upper limit for source identified in 25 μm observations
UL_37um_10_5pix Jy 10.5 pixel aperture measured upper limit for source identified in 25 μm observations
UL_37um_14pix Jy 14 pixel aperture measured upper limit for source identified in 25 μm observations
Flux_37um_M2D Jy Measured 2D Moffat fit flux
Flux_37um_M2D_err Jy 2D Moffat fit flux uncertainty
SNR_37um_M2D ... 2D Moffat fit SNR measurement
chi2_37um_M2D ... χ2 measurement of 2D Moffat fit
qflag_37um_M2D ... Quality flag for the 2D Moffat fitting procedure; 0 = Nominal, 1 = Failed
Flux_37um_G2D Jy Measured 2D Gaussian fit flux
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Appendix B
Code Developed for the Creation of the SOFIA/FORCAST

Galatic Center Catalog

The code developed for creating the SFGC catalog is
available on Zenodo at doi:10.5281/zenodo.11459088 as well
as the project page on GitHub.22 The code is based largely on
the Astropy Project suite of Python packages (Astropy
Collaboration et al. 2013, 2018, 2022) and Photutils (Bradley
et al. 2020). As part of the SOFIA Galactic Center Legacy

Program, this code was developed to provide a general
photometry tool for FORCAST data, and this appendix
provides information using the code. The software links
contain a series of notebooks and scripts that were used to
produce the catalog. These items are briefly described below,
with additional information provided online with the above-
mentioned software repositories.

1. Config.py. A configuration file that defines properties for
FORCAST filters and data files to be used by the code.
Definitions for photometry routines, such as aperture radii
are set in this file. A user can also specify the file path to
SAODds9 on their machine to take advantage of
interactive features in the notebooks and scripts. Note
that in the online version of the code, this file is named
“config_example.py” and must be renamed to “config.
py” with appropriate adjustments to the file contents for it
to work on a particular machine.

2. SourceCatalog_Detect.ipynb. This notebook contains the
routines for source detection used in the catalog. The
notebook is able to process one observation at a time, and
the user can select which file to use from those listed in
the config.py file. The code processes the data file
following the same steps described in the main text. First
2D background subtraction is performed to eliminate
large-scale structure on the images. Next, the DAOstar-
finder routine from photutils is then used to identify
sources, followed by the Segmentation map routine. After
these routines run, there is an option to include user-
defined sources, which can be marked as regions in an
interactive ds9 window. Any saved regions file with the
field name from the config file appended with “_ds9.reg”
will be loaded in the code as the user-defined source.
From here, there is a step that combines the results from

Table 3
(Continued)

Column Name Units Description

Flux_37um_G2D_err Jy 2D Gaussian fit flux uncertainty
SNR_37um_G2D ... 2D Gaussian fit SNR measurement
chi2_37um_G2D ... χ2 measurement of 2D Gaussian fit
qflag_37um_G2D ... Quality flag for the 2D Gaussian fitting procedure; 0 = Nominal, 1 = Failed
fwhm_37um pixel 2D Gaussian fit derived FWHM
fwhm_37um_err pixel 2D Gaussian fit measured uncertainty
elong_37um ... 2D Gaussian fit derived elongation parameter (ratio of semimajor and semiminor axes)
vExtFlag_37um ... Very extended flag at 37 μm; True if measured FWHM>14 pix, False if �14 pix
bkg_qflag_37um ... Quality flag for background measurement. 0 = nominal, 1 = high local background
edge_flag_37um ... True if the source is located in a dithered region with <80% of the total exposure time, False if nominal
Err_CalF_37um ... 37 μm calibration error factor, ηflux; see Section 3.2.4
cutout_37um pix,pix Central coordinates for 30″ × 30″ cutout image at 37 μm
M2D_resid_37um pix,pix Residual image produced by subtracting the Gaussian model from the data cutout
G2D_resid_37um pix,pix Residual image produced by subtracting the Gaussian model from the data cutout
FieldID ... Observational Field used to measure source, corresponds to Figure 1 and Table 1 nomenclature
SID25 ... Source ID name based on measured 25 μm coordinates
SID37 ... Source ID name based on measured 37 μm coordinates
Found25 ... True if source initially detected only at 25 μm
Found37 ... True if source initially detected only at 37 μm
Matched ... True if source detected at both 25 and 37 μm
F25_F37_sep arcsec Separation distance between 25 and 37 μm sources that are considered “Matched”
SSTGCxmatch ... SSTGC catalog source number matched to 25 μm data
SSTGCd2d arcsec Separation distance between the FORCAST source coordinates and the matched SSTGC catalog source
tau_9_6 ... Estimated τ9.6 μm extinction value
tau_distance arcsec Distance to nearest observed τ9.6 μm source

Table 4
Short Catalog Data Nomenclature

Column Name Units Description

SourceID ... Sofia FORCAST Galactic Center l b i.e.,
SFGC0.036-0.1818

RA(J2000) hms R.A.
DEC(J2000) dms Decl.
Flux_25um_8pix Jy Background-subtracted 8 pixel aper-

ture flux
Flux_25um_8pix_err Jy 8 pixel aperture flux uncertainty
Flux_25um_G2D Jy Measured 2D Gaussian fit flux
Flux_25um_G2D_err Jy 2D Gaussian fit flux uncertainty
fwhm_25um pixel 2D Gaussian fit derived FWHM
Flux_37um_10_5pix Jy Background-subtracted 10.5 pixel aper-

ture flux
Flux_37um_10_5pix_err Jy 10.5 pixel aperture flux uncertainty
Flux_37um_G2D Jy Measured 2D Gaussian fit flux
Flux_37um_G2D_err Jy 2D Gaussian fit flux uncertainty
fwhm_37um pixel 2D Gaussian fit derived FWHM

22 https://github.com/mjhankins/SFGCphotcode
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the DAOstarfinder routine, Segmentation map, and user
sources into a singular source list. For sources found via
multiple methods, the priority for keeping a source is as
follows: user, DAO, and segmentation. The final product
of this notebook is a FITS file whose name indicates the
field name, wavelength, and ending in “_Combined-
Sources.fits.”

The online repository also includes a script version
of this notebook named “SourceCatalog_Detect.py”,
which will run a batch job of the steps in the notebook
for every file defined in the “config.py” file for a specified
filter.

3. SourceCatalog_ApPhot.ipynb. This notebook contains
the routines for source photometry (both aperture and
model) used in the catalog. This notebook is able to
process one observation at a time, and the user can select
which file to use from those listed in the config.py file.
The code processes the data file following the same steps
described in the main text—2D background subtraction is
performed to eliminate large-scale structure on the
images. Aperture photometry is then performed on all
sources in the FITS file produced by the source detection
notebook/script, and an annulus aperture is used to
measure the local background for each source. Next,
background-subtracted photometry is produced at each
radius defined in the cofig.py file. After that, the source
list is passed to the routines for fitting the Moffat and
Gaussian profiles. Both the Moffat and Gaussian fits are
attempted for every source, but if the fit fails, the
parameters for that fit are returned as “NaN.” Additional
metrics are performed based on the covariance matrix
produced by the fit and also reduced χ2, which aid in
determining if a particular source model is better than the
other, or if neither produces a satisfactory fit. This
characterization is indicated in the subsequently produced
table as the “BestModel” flag.

Similar to the detection notebook, the photometry
notebook also comes with a script form named
“SourceCatalog_ApPhot.py”, which will run a batch job
of the photometry at a given wavelength for every file
defined in the “config.py” file.

4. SourceCatalog_CombineFields.ipynb. This notebook
combines the outputs of the aperture photometry note-
book/script to a singular table for each filter defined in
the config.py file. The script checks for duplication of
sources which might be caused by overlapping coverage
between fields. The default crossmatch radius for source
removal is 3″. In the event that duplication is detected, the
higher SNR source is kept. After this point, there is also
the option for user-removed sources, which may occur for
duplication outside of the 3″ match radius, caused by
sources near the edge of fields where astrometry is less
precise. Next, the SNR quality cut is applied, and there is
an option to remove visually bad sources that may pass
the SNR cut but be related to detector artifacts or other
types of spurious sources. This process is repeated for
both the 25 and 37 μm filter, and then the source tables at
both wavelengths are crossmatched to create a singular
table of sources at both wavelengths. Any sources that are
not detected at both wavelengths are flagged and forced
photometry is run at the nondetected wavelength. Any
sources at this step that do not meet the SNR> 3

threshold are flagged; the given NULL values and 3σ
upper limits are calculated in a separate column. The final
source table produced by this script is a FITS file ending
in “_step3.fits.”

5. SourceCatalog_SSTGC_Xmatch.ipynb. This notebook reads
in the “_step3.fits” file from earlier and performs a
crossmatch based on source coordinates to the SSTGC
catalog. This notebook can be easily modified to reference
other source catalogs present in VizieR, which gives a
broader use case for this notebook. The script crossmatch
is performed at a 3″ radius, which was selected as the
2σ astrometric uncertainty for the catalog (see Figure 7).
This script can also be used to produce Figure 7 in order to
study the asymmetric uncertainty of a particular FORCAST
data set compared to another catalog. The final product
produced by this notebook is a file “_step4.fits,” which is
the final product of the catalog. Two versions of the catalog
are produced, one that includes all source image cutouts and
one that does not. The two-version approach is meant to
help with file size as the cutouts take up a large amount of
space and may not be needed in every use case. The cutouts
are likely useful for assessing the quality of sources in most
cases.

6. ForcastPhot.py. This file contains the functions refer-
enced in the above notebooks/scripts including functions
for performing background-subtracted aperture photo-
metry, routines for fitting 2D Gaussian models and
Moffat models to source cutouts, functions for combining
source lists between data sets, removing duplicated
sources found within a defined radius, and creating ds9
region files to aid in examining sources included in the
catalog.
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