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11Instituto de Astrofı́sica, Facultad de Fı́sica, Pontificia Universidad Católica de Chile, Campus San Joaquı́n, Av. Vicuña Mackenna 4860, Macul Santiago, Chile,
7820436

12Centro de Astroingenierı́a, Facultad de Fı́sica, Pontificia Universidad Católica de Chile, Campus San Joaquı́n, Av. Vicuña Mackenna 4860, Macul Santiago,
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ABSTRACT

High-quality Extragalactic Legacy-field Monitoring (HELM) is a long-term observing program that photo-
metrically monitors several well-studied extragalactic legacy fields with the Dark Energy Camera (DECam)
imager on the CTIO 4m Blanco telescope. Since Feb 2019, HELM has been monitoring regions within COS-
MOS, XMM-LSS, CDF-S, S-CVZ, ELAIS-S1, and SDSS Stripe 82 with few-day cadences in the (u)gri(z)

bands, over a collective sky area of ∼ 38 deg2. The main science goal of HELM is to provide high-quality op-
tical light curves for a large sample of active galactic nuclei (AGNs), and to build decades-long time baselines
when combining past and future optical light curves in these legacy fields. These optical images and light curves
will facilitate the measurements of AGN reverberation mapping lags, as well as studies of AGN variability and
its dependences on accretion properties. In addition, the time-resolved and coadded DECam photometry will
enable a broad range of science applications from galaxy evolution to time-domain science. We describe the
design and implementation of the program and present the first data release that includes source catalogs and
the first ∼ 3.5 years of light curves during 2019A–2022A.

1. INTRODUCTION

Large-scale optical time-domain imaging surveys such as
Sloan Digital Sky Survey (SDSS; York et al. 2000) super-
nova survey (Sako et al. 2018), Pan-STARRS1 Medium Deep
Survey (Chambers et al. 2016; Jones et al. 2017), Zwicky
Transient Facility (ZTF; Bellm et al. 2019), and Wide Field
Survey Telescope (Wang et al. 2023) are rapidly shaping our
understanding of the dynamic and variable universe. In addi-
tion to transients and explosive events from stellar systems,
these time-domain surveys provide extremely valuable in-
formation to probe the physical mechanisms that drive the
persistent variability from variable stars and active galactic
nuclei (AGNs). Variability studies of AGNs also enable the
measurements of their black hole masses via the reverber-
ation mapping (RM) technique that measures the time lag
between the driving continuum variability and the delayed
response in the broad-line emission (e.g., Blandford & Mc-
Kee 1982; Peterson 1993). In particular, high-quality pho-
tometric light curves with long time baselines and adequate
cadences are necessary to secure a RM lag measurement and
periodicity searches for binary supermassive black hole can-
didates when combined with dedicated spectroscopic moni-
toring data (e.g., Shen et al. 2015; Graham et al. 2015).

The SDSS-V Black Hole Mapper (BHM) program
(Kollmeier et al. 2017) is conducting a multi-year (2020–
2027), multi-object spectroscopic RM campaign (BHM-RM)
in several legacy extragalactic fields. In order to provide
the required photometric light curves that sample the AGN
continuum variability, we are conducting a long-term photo-
metric monitoring campaign with the Dark Energy Camera
(DECam; Flaugher et al. 2015) on the 4m CTIO Blanco tele-
scope. The fields chosen by the SDSS-V BHM-RM program
coincide with several well-studied extragalactic fields, each
with ample multi-wavelength data and/or earlier and future
photometric light curves therein (e.g., Lacy et al. 2021; Zou
et al. 2022). For example, most of these fields coincide with
deep monitoring fields in the Pan-STARRS1 survey (Cham-
bers et al. 2016) and the Dark Energy Survey supernovae pro-
gram (Abbott et al. 2021). The combined optical light curves
for most of these monitoring fields will span more than 25
years once combined with 10-yr light curves from the Legacy
Survey of Space and Time (LSST) with the Vera C. Rubin
Observatory. Therefore these DECam monitoring data will
provide legacy value for broad science in these fields.

In this paper we provide an overview of the DECam moni-
toring program and its current status, and present the first data
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release1 from the first ∼ 3.5 years of observations (2019-
2022). In Section 2 we provide a technical overview of the
High-quality Extragalactic Legacy-field Monitoring (HELM)
program. In Section 3 we describe the data products, with ex-
amples to showcase the science applications. We summarize
and provide an outlook in Section 4. We adopt AB magnitude
system throughout the paper.

2. OBSERVATIONS AND DATA PROCESSING

HELM started observations in the 2019A semester (Feb-
Jul, 2019) and is currently ongoing. During the early phase
of the program (2019A-2020B), a cadence of ∼ 6 days
was adopted. Since 2021A, the cadence was increased to
∼ 3 days and a new field (South-Continuous Viewing Zone;
S-CVZ) was added to the field list. For each epoch, a set
of consecutive exposures in the gri bands are taken, with
2 back-to-back exposures for each band. The nominal per-
epoch exposure times are 160 s, 140 s, and 180 s in the
three bands, respectively. A total of 14 DECam pointings
(each with a 2.7 deg2 field-of-view) received regular moni-
toring, most of which are for the BHM-RM program. How-
ever, some pointings are included in different programs (PIs:
X. Liu, P. Martini) that have slightly different science goals,
including periodicity searches of binary supermassive black
hole candidates and RM lag measurement. We consolidated
these different DECam monitoring programs with AGN sci-
ence focuses and processed these data with the same pipeline.
Table 1 summarizes the details of the monitoring fields.
Three fields (CDF-S, XMM-LSS, and COSMOS) contain
three pointings, while two fields (ELAIS-S1 and SDSS Stripe
82) contain two pointings. The layouts of the HELM fields
are shown in Figure 1. These particular pointings are aligned
with past monitoring within the DES supernovae program
(e.g., Bernstein et al. 2012; Smith et al. 2020).

The first 2 semesters of HELM (2019A-2019B) were car-
ried out on shared nights with other non-monitoring DECam
programs. Since 2020A, HELM has been part of a collec-
tion of regular DECam monitoring programs that pool ob-
serving time and observers. In a few subsequent semesters,
to improve the overall observing efficiency, some pointings
of HELM were observed under the public DECam monitor-
ing program that also targeted the COSMOS and ELAIS-S1
fields (Graham et al. 2023), but to greater depths than those
of the HELM program. These public DECam data are in-
cluded in our data reduction and data products. The monitor-
ing program suffered significant time loss in 2020A due to

1 https://ariel.astro.illinois.edu/helm/

the COVID-19 pandemic, and substantial loss in the second
half of 2020B due to DECam instrumental problems.

At the beginning of the program during 2019A, we ob-
served some fields with additional filters to provide more
wavelength coverage. The S-CVZ field was observed in the
ugriz filters. For these additional imaging, griz has 61 avail-
able CCD chips (except CCD #61), while u has 60 chips
with an additional CCD #2 not available. Table 1 summa-
rizes the HELM observations including fields, pointings, ob-
serving program IDs, filters, and numbers of exposures up to
13 September 2022. Figure 2 illustrates the cadence of each
field.

2.1. Data Reduction

The raw HELM observations were processed using the
Dark Energy Survey (DES) “Final Cut” pipeline (see Mor-
ganson et al. 2018, for an overview) with the same config-
uration of Sextractor (Bertin & Arnouts 1996) as that
used in the production campaigns for the second data release
(DR2) of DES (DES-DR2; Abbott et al. 2021) and DECam
Local Volume Exploration-DR2 (Drlica-Wagner et al. 2022).
During the years that the DES Collaboration was actively
taking data, the calibration products (e.g., bias, flat, sky-
subtraction templates, secondary flat-field or “star-flats”, and
the relative astrometric offsets among the CCDs) were moni-
tored and updated as needed as part of that program. Process-
ing of observations taken after the DES observations ended in
January 2019 have, thus far, relied on the DES legacy calibra-
tion products from that period. In Section 2.2 we assess the
overall systematic astrometric and photometric performance
to understand the limitations this might have on the temporal
monitoring by HELM.

2.1.1. Magnitude Zeropoint

A magnitude zeropoint (zp) pipeline is run separately for
all of the CCD images. We use the expCalib (S. Allam &
R. Gruendl, private communication) code to match objects in
the Final Cut catalogs to the APASS 9 catalog (Henden et al.
2015). A 1′′-radius match was performed for each CCD in
one exposure. If the number of matched objects is low or a
match was not found, the average zp value among all CCDs
is adopted. The expCalib will not return a match (or will
return a low number of matches) in two cases: - APASS cat-
alog has no coverage in the requested region of the sky, or
the magnitude range of stars in the APASS catalog does not
overlap with the brightness of objects detected in the CCD
(APASS sources are brighter and appear saturated in the DE-
Cam data). Among 7816 successfully reduced exposures
(corresponding to 476743 CCD individual images), magni-
tude zero points are available from the expCalib for all but
124 exposures (2, 49, 28, 44, and 1 in the ugriz bands, re-
spectively) and 7562 CCD images (1.6%).

https://ariel.astro.illinois.edu/helm/
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Table 1. HELM observation summary

Field Pointing Pointing center ProgID Filter Nexp 5σ depth (mag)

(1) (2) (3) (4) (5) (6) (7)

CDF-S C1 03h37m06s −27d06m43s C griz 54-36-36-18 22.9-23.3-23.1-22.6
C2 03h37m06s −29d05m18s A-C griz 54-36-36-18
C3 03h30m36s −28d06m01s A-C griz 248-190-187-34

COSMOS CO1 10h00m00s +03d05m56s A-C-E-F-G gri 362-295-295 22.8-23.1-22.9
CO2 09h56m53s +01d44m58s A-E-F-G gri 278-232-235
CO3 10h03m07s +01d44m59s A-E-F-G gri 267-226-232

ELAIS-S1 E1 00h31m30s −43d00m35s A-C-E-F-G griz 387-340-349-28 22.8-23.2-23.1-22.5
E2 00h38m00s −43d59m53s A-C-E-F-G griz 365-332-322-302

S-CVZ S-CVZ 06h00m00s −66d33m39s A-C ugriz 33-223-196-196-24 21.1-22.8-22.9-22.7-22.0
Stripe 82 S1 02h51m17s −00d00m03s A-B-C-H griz 87-50-47-16 22.7-23.5-23.4-22.8

S2 02h44m47s −00d59m20s A-B-C-H griz 82-47-47-17
XMM-LSS X1 02h17m54s −04d55m48s A-C griz 127-107-102-20 22.6-22.9-22.7-22.4

X2 02h22m40s −06d24m46s A-C griz 127-107-102-20
X3 02h25m48s −04d36m04s A-C griz 127-107-102-20

NOTE—Col. (1) Field name. Col. (2) Pointing name. Col. (3) Median coordinate of pointing center. Typical pointing accuracy of each
exposure is ∼10′′. Col. (4) Program ID. A: 2019A-0065; B: 2019B-0219; C: 2019B-0910; D: 2021A-0037; E: 2021A-0113; F: 2021B-0149;
G: 2022A-724693; H: 2022B-175073. Col. (5) Filter used. Col. (6) Number of successfully reduced exposures in each band, separated by
dashes. Most of the nightly epochs in the HELM program consist of two back-to-back exposures per pointing per filter. Col. (7) Median 5σ
depth of individual exposures for all pointings of a given field estimated from mPSF.

Using four fields associated with 10 pointings of our
HELM DECam monitoring program (CDF-S, ELAIS-S1,
SDSS Stripe 82, and XMM-LSS) that are covered by the
footprint of 6 years of DES science operations of ∼ 5000
deg2 from DES-DR2 (Abbott et al. 2021), we derive inde-
pendent magnitude zeropoints for all exposures by cross-
matching sources detected in our observations with those
from the DES-DR2 source catalog. The DES-DR2 catalog is
constructed using coadded images, which has typically ∼ 10

times longer exposure time than our single-exposure images.
Based on the extent of the source, we derive two versions
of magnitude zeropoints, one based on point sources using
mPSF and another based on all the sources using mAUTO to
increase the number of available objects. We first select all
the reliably extracted (IMAFLAGS ISO=0, FLAGS<4), high
signal-to-noise ratio (SNR; mPSF error < 0.1 mag, which
corresponds to an SNR of 10) sources from our observa-
tions. We use a relatively loose criterion of CLASS STAR
> 0.8 to select point-like sources, which ensures we do not
miss a significant number of point sources and avoids in-
cluding many extended sources. For the DES-DR2 cata-
log, we apply the same selection criteria of object quality
(IMAFLAGS ISO=0, FLAGS<4 in i band) and select point-
like sources using 0 ≤ EXTENDED COADD ≤ 1 following
Abbott et al. (2021).

The magnitude zp of each CCD chip is derived using the 3-
σ clipped median difference between magnitudes of objects
from our single-exposure catalog and those from DES-DR2
catalog, with associated error equal to the standard deviation
divided by the root of the number of the remaining objects.
Figure 3 compares the number of objects used to derive the
magnitude zps. Magnitude zps derived from all sources make
use of on average 2.7 times more objects compared to those
derived from point sources only (295 versus 108). Limiting
to CCD images with at least 10 applicable objects for zp cal-
ibration, we find a small difference of 0.009 mag with 16th
and 84th percentiles of the distribution of −0.008 and 0.019
mag between the two sets of zp, respectively (Figure 4). We
find that the difference between two zps is correlated with
seeing, with larger mPSF-based zp in exposures with better
seeing. This may be related to slight difference in aperture
loss at different seeing conditions. We also compare the zp
from the DECam pipeline with that from DES-DR2 using all
sources (Table 2). The median differences are < 0.01 mag
(slightly larger with 0.014 mag in the E2 field) with a scatter
of ≲ 0.04 mag. The final zp of a CCD image is determined
with the priority decreasing from DES-DR2 AUTO magni-
tude to DES-DR2 PSF magnitude to DECam pipeline. We
only adopt DES-DR2-based zp if the number of objects used
to calibrate zp is greater or equal to 10. Finally, we success-
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Figure 1. The layout of HELM pointings in (a) CDF-S, (b) COSMOS, (c) ELAIS-S1, (d) S-CVZ, (e) SDSS Stripe 82, and (f) XMM-LSS
fields. Pointings 1, 2, and 3 are indicated in black, blue, and red colors, respectively.

fully obtain zp for 99.9% of the CCD images, with DES-DR2
AUTO contributing to the vast majority of them (99.4%).

2.2. Photometry and Astrometry Cross-Calibration

Following the same recipe as in Section 2.1.1, we check the
accuracy of the HELM pipeline photometry and astrometry
independently for the fields that are not covered by the offi-
cial DES data products (COSMOS and S-CVZ). The DES-
DR2 catalog is based on coadded images, with a photometric
accuracy of ∼ 0.01 mag and astrometric precision of ∼ 0.′′03.
We select all the point sources detected in our observations
and crossmatch with the DES-DR2 catalog for all the reli-
ably extracted (IMAFLAGS ISO=0, FLAGS<4), high SNR
(mPSF error < 0.1 mag) sources. We select point sources
from the DES-DR2 catalog using 0 ≤ EXTENDED COADD
≤ 1. For our observations, we use a relatively loose crite-
rion of CLASS STAR > 0.8, which ensures we do not miss
a significant number of point sources and avoids including
many extended sources.

Figure 5 presents an example of comparison of mPSF and
coordinate difference (∆d) as a function of mPSF error in

pointing C1. The statistics for all 10 pointings are pre-
sented in Table 3. Although various degrees of differences
are found in different fields, the source magnitude (median
∆mPSF ≈ 0.02 mag) and astrometry (∆d ≈ 0.′′06) of our
HELM pipeline are in good agreement with DES-DR2 for
high SNR sources. The overall good performances in zp,
photometry, and astrometry lend support to the reliability of
the HELM pipeline for use in fields not covered by the foot-
print of DES-DR2 (COSMOS and S-CVZ).

3. DATA PRODUCTS

For this first HELM data release, we include the source
catalog covering all compiled fields, as well as the light
curves for these sources from the first 3.5 years (2019A-
2022A). Our source catalog is built by cross-matching de-
tected sources in our individual images with the DES-DR2
(Abbott et al. 2021) source catalog for the CDF-S, XMM-
LSS, ELAIS-S1, and SDSS Stripe 82 fields, and with the
source catalog from the third data release (Aihara et al. 2022)
of the Hyper Suprime-Cam (HSC) Subaru Strategic Program
(SSP; Aihara et al. 2018) for the COSMOS field. In total,
there are 5,404,721, 4,714,784, and 4,059,093 sources with
detections in at least 3, 5, and 10 exposures in any band, re-
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Figure 2. Cadence of the HELM in different fields, with vertical red lines indicating individual exposures. Moon illumination (illuminated
fraction of the moon) is indicated by the blue gradient (white=no moonlight; dark blue=maximum moonlight) in the background.
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Figure 3. Histograms of objects used to calibrate the magnitude
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sources using mAUTO is in black.

spectively. Figure 6 shows histograms of inverse variance-
weighted mean mAUTO (mAUTO w; see Section 3.1 for def-
inition) in the gri bands for objects in all 6 fields with detec-
tions in at least 5 individual exposures. The peak mAUTO w
is ∼ 24.0, 23.6, and 23.4 mag for the gri bands, respec-
tively, which are deeper compared to those of typical single
exposures (Table 1) and representing the best seeing condi-
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Figure 4. Comparison of magnitude zeropoints (zp) calibrated
against the DES-DR2 catalog using point sources (PSF) and all
sources (AUTO). Only CCD images with at least 10 sources used
for calibration are included. Red vertical dashed lines indicate 16th,
50th, and 84th percentiles of the distribution, with statistics shown
in the lower-left corner.

tion and longest exposure time. In future data releases, we
will provide individual images, deeper photometric catalogs
built from the coadded images, and extended light curves (see
Section 4). Below we describe in detail our source catalog
and light curve compilation.



7

Table 2. Comparison of HELM zp, mPSF, and astrometry to those from DES-DR2

Pointing ∆zp ∆mPSF [g] ∆mPSF [r] ∆mPSF [i] ∆mPSF [z] ∆d [g] ∆d [r] ∆d [i] ∆d [z]

mag (mag) (mag) (mag) (mag) (′′) (′′) (′′) (′′)

C1 −0.007+0.017
−0.032 −0.019+0.038

−0.042 −0.026+0.036
−0.042 −0.011+0.026

−0.029 −0.015+0.024
−0.029 0.059+0.054

−0.032 0.052+0.050
−0.028 0.050+0.047

−0.027 0.050+0.045
−0.027

C2 −0.006+0.015
−0.024 −0.015+0.035

−0.036 −0.020+0.034
−0.039 −0.013+0.031

−0.028 −0.015+0.028
−0.028 0.059+0.054

−0.031 0.052+0.050
−0.028 0.051+0.047

−0.027 0.051+0.046
−0.027

C3 −0.005+0.018
−0.031 −0.016+0.036

−0.041 −0.018+0.032
−0.041 −0.012+0.028

−0.030 −0.018+0.025
−0.030 0.066+0.063

−0.036 0.060+0.060
−0.033 0.058+0.057

−0.032 0.052+0.048
−0.028

E1 0.004+0.029
−0.043 −0.029+0.037

−0.042 0.020+0.039
−0.042 0.007+0.032

−0.033 −0.004+0.028
−0.028 0.075+0.072

−0.040 0.068+0.066
−0.036 0.065+0.061

−0.035 0.053+0.048
−0.028

E2 −0.014+0.024
−0.035 −0.037+0.036

−0.039 −0.005+0.040
−0.034 −0.014+0.032

−0.034 −0.011+0.026
−0.025 0.073+0.069

−0.039 0.067+0.065
−0.036 0.064+0.061

−0.034 0.054+0.048
−0.029

S1 −0.008+0.044
−0.029 −0.023+0.045

−0.041 −0.009+0.047
−0.032 0.028+0.051

−0.043 0.009+0.037
−0.026 0.066+0.063

−0.036 0.058+0.061
−0.032 0.057+0.058

−0.031 0.050+0.047
−0.027

S2 0.000+0.026
−0.024 0.009+0.052

−0.053 −0.010+0.038
−0.033 −0.009+0.032

−0.044 −0.013+0.030
−0.037 0.066+0.064

−0.036 0.058+0.062
−0.032 0.058+0.059

−0.032 0.052+0.049
−0.028

X1 −0.002+0.020
−0.035 −0.008+0.041

−0.048 −0.015+0.039
−0.045 −0.008+0.031

−0.035 −0.012+0.030
−0.034 0.068+0.066

−0.036 0.062+0.064
−0.034 0.061+0.059

−0.033 0.055+0.051
−0.030

X2 0.004+0.019
−0.033 −0.005+0.044

−0.051 −0.008+0.041
−0.044 −0.009+0.032

−0.037 −0.015+0.029
−0.035 0.070+0.068

−0.038 0.064+0.064
−0.035 0.062+0.061

−0.034 0.056+0.051
−0.030

X3 0.003+0.019
−0.030 −0.009+0.042

−0.047 −0.006+0.038
−0.041 −0.003+0.031

−0.033 −0.011+0.028
−0.029 0.070+0.066

−0.038 0.062+0.063
−0.034 0.060+0.059

−0.033 0.053+0.049
−0.028

NOTE— ∆ ≡ our DECam data − DES-DR2. Statistics are 50th percentile with upper (84th − 50th) and lower (16th − 50th) 1σ of the
distribution as the superscript and subscript, respectively.∆d represents the angular distance difference between coordinates.

3.1. Source catalogs and light curves

The majority of our DECam pointings in the COSMOS
field are covered by Deep- and UltraDeep-depth images of
HSC SSP. For regions outside the Deep and UltraDeep cov-
erage, we use instead the source catalog from Wide-depth
images of HSC SSP. We extract the source catalog with i
band Kron magnitude brighter than 25.5 mag from the Hy-
per Suprime-Cam Legacy Archive2 (pdr3 dud rev for the
Deep and UltraDeep catalogs and pdr3 wide for the Wide
catalog) using example script PDR3 example 1a. For
the Wide catalog, we further apply the criteria presented in
PDR3 example 6 script to the i band to keep only “clean”
sources. For all the other fields except S-CVZ (i.e., CDF-
S, ELAIS-S1, Stripe 82, and XMM-LSS), we use DES-DR2
as the base source catalog for catalog construction, as it is
deeper than individual exposures of our program. A radius
of 0.′′5 is adopted for crossmatching.

For the S-CVZ field, we construct the source catalog from
scratch as no deep optical catalog in this field is currently
available. We first randomly pick an individual exposure cat-
alog as the reference catalog and crossmatch other catalogs
in the griz bands to it one by one using a matching radius
of 0.5′′. We then iteratively build the preliminary master
catalog by adding new sources whose separations from ex-
isting sources are larger than 0.5′′. The coordinates of the
preliminary master catalog obtained after the first run are de-
termined as the median value of those classified as the same
source in individual catalogs. We then perform a second run
by crossmatching individual exposure catalogs to the prelim-

2 https://hscla.mtk.nao.ac.jp/doc/

inary master catalog and obtain a final catalog in the griz

bands. Finally, we crossmatch the u band individual expo-
sure catalogs with the griz catalog, as the u band depth is
much shallower compared to that in the griz bands.

Table 3 presents the table format of our median source
catalog, including source index, coordinate, magnitudes
(PSF and AUTO), extraction flags, star-galaxy classifier
(spread model and class star), and number of exposures. For
magnitude, we also provide inverse variance weighted mean
(mag w), defined as

mag w ≡ Σ(mi/e
2
i )

Σ(1/e2i )
, (1)

where mi and ei represent an individual measurement and
its error in the ith exposure, respectively. Its corresponding
uncertainty is

mag w err =

√
Σ(ei/e2i )

2

Σ(1/e2i )
=

1√
Σ(1/e2i )

, (2)

after error propagation. For the S-CVZ field, we provide sep-
arate source indices and coordinates for griz and u bands, as
the u band is much shallower compared to the other bands.
Separation between the median coordinate in the griz bands
and that in the u band is also provided. Table 4 describes the
format of the light curve files of individual objects. The light
curves of individual sources can be extracted from our online
database3 using source indices provided in Table 3.

3.2. Example light curves

3 https://ariel.astro.illinois.edu/helm/

https://hscla.mtk.nao.ac.jp/doc/
https://ariel.astro.illinois.edu/helm/
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Figure 5. Differences in mPSF (top) and coordinates (middle) be-
tween our measurements of all observations and those from the
DES-DR2 catalog (∆ ≡ HELM − DES-DR2) as a function of
mPSF error for all high SNR (mPSF error < 0.1 mag) point sources
in pointing C1. Normalized source number density (N/Nmax) of
mPSF error is shown in the bottom panel. mPSF error is the prop-
agated error by combining our measurement error and DES-DR2
measurement error in quadrature sum. Median values in the griz
filters are shown as blue, green, orange, and red solid curves, re-
spectively. Dashed curves in top and middle panels indicate values
at 84th and 16th percentiles. Statistics of all 10 pointings are shown
in Table 2.
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Figure 6. Histograms of inverse variance-weighted mean mAUTO

in all detected exposures (mAUTO w; see Equation 1) in g (blue), r
(green), and i (orange) bands for objects in all 6 fields with detection
in at least 5 individual exposures.

Figure 7 shows example light curves of three RR Lyrae
stars and three quasars in the COSMOS field. For RR Lyrae
stars, we have modeled their light curves using astropy
and presented phase-folded light curves. The high-quality
photometry and dense time sampling ensure excellent recov-
ery of period information. The overall clean phase-folded
light curves of RR Lyrae stars also demonstrate the good per-
formance of our zp calibration (Section 2.2). The long time
baseline, decent ∼ 3-day cadence, and multi-band coverage
make it possible to qualitatively investigate both long and
short timescale, as well as multi-band AGN variability. In
particular, as shown in Figure 8 and its inset, the epoch mag-
nitude uncertainty is ∼ 5 times smaller in HELM than in the
ZTF DR19 – median uncertainty of 0.014 mag from HELM
r band versus 0.068 mag from ZTF r band. Therefore the
resulting optical light curves from HELM are of much better
quality than ZTF light curves, albeit with sparser cadences.

3.3. Caveats

In this paper, our source catalogs for the CDF-S, ELAIS-
S1, Stripe 82, and XMM-LSS fields are constructed based
on the DES-DR2 source catalog, which has a median coad-
ded catalog depth for a 1.′′95 diameter aperture at SNR=10
of g=24.7, r=24.4, i=23.8, and z=23.1 mag. However, we
may miss transients that were not detected in previous sur-
veys. Given the number of exposures (up to 387 s) and total
exposure time (up to 4480 s) in these fields, together with on-
going exposures that are not included in this data release, we
would eventually achieve much deeper source detection by
coadding all individual exposures. For the S-CVZ field, our
source catalog is constructed based on catalogs of individual
exposures. Therefore, the depth is limited by the deepest ex-
posure. For the COSMOS field, we notice a source splitting
issue for saturated objects in the HSC catalog. As we are us-
ing deeper catalogs for source cross-matching (in particular
for the COSMOS field), our source catalog may contain some
spurious sources with low Nexp and close to or even below
the typical depth of DECam individual exposures (relatively
steep increase of source number toward the faint end in the g
and i bands as seen in Figure 6). Moreover, as the saturation
magnitudes are quite faint for the HSC survey (18.0, 18.2,
and 18.6 mag for the gri bands; Aihara et al. 2018), this issue
may affect the sources that are above their saturation limits.
Another major caveat is that there is no forced photometry
or upper limits, which may give a false sense of the overall
variability especially for sources close to the detection limit.
The caveats mentioned above would be largely mitigated by
building source catalogs directly from coadded DECam im-
ages and performing forced photometry on each source in our
future data releases. On the other hand, any variable / tran-
sient sources that are not associated with a static object in the
matched catalogs will be missed (e.g., off-axis transients and
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Figure 7. Example light curves of RR Lyrae stars (left; in folded phase) and AGNs (right) in the COSMOS field. Blue, green, and red dots
represent the g, r, and i bands, respectively, with error bar indicating the certainty. The periods of RR Lyrae stars are shown at the top of the
left panels.
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Figure 8. Comparison of DECam r band (open blue circle) and ZTF r band (open red square) light curves of a quasar in the COSMOS field.
The inset shows a zoom-in view around MJD=59300 day. The error bars indicate 1σ uncertainty.

moving objects). These objects will be included in our future
data releases after implementing dedicated pipeline.

4. SUMMARY

In this work we present an overview of the HELM long-
term monitoring program in extragalactic legacy fields, with
the DECam imager on the 4m CTIO Blanco telescope. With
a multi-year baseline and relatively high cadence, HELM
aims to provide high-quality optical light curves for a large
sample of AGNs in these fields, as part of the effort to ob-

tain RM measurements for distant AGNs and quasars in the
SDSS-V BHM-RM program. This long-term photometric
monitoring program will also bridge past light curves and fu-
ture LSST/WFST observations to compile decades-long light
curves to facilitate investigations of long-term variability of
astronomical objects (particularly AGNs). Given the ample
multi-wavelength data in these legacy fields, the HELM light
curve data will also provide legacy value to time-domain
studies. At the time of writing, HELM has been extended to
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continue DECam monitoring in these fields through at least
2025B, given the delayed start of the LSST.

In this work we also present the first data release from
HELM, which includes source catalogs and light curves from
the first 3.5 years of observations. In future data releases, we
will provide fully calibrated individual and coadded images,
as well as extended light curves.
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Science Initiative Program - ICN12 009, CATA-BASAL -
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knowledges support from the National Key R&D Program
of China (2023YFA1608100), NSFC grants (12025303,
12393814), and the Strategic Priority Research Program of
the Chinese Academy of Sciences (XDB0550300).
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2013, 2018), Matplotlib (Hunter 2007), Numpy (Harris
et al. 2020), SExtractor (Bertin & Arnouts 1996)
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Table 3. FITS table format for the median source catalog

Column Name Format Units Description

Index LONG Source index
ra DOUBLE degree Right Ascension (J2000)
dec DOUBLE degree Declination (J2000)
mag psf DOUBLE mag SExtractor PSF magnitude
mag auto DOUBLE mag SExtractor AUTO magnitude
flags LONG SExtractor extraction flags
spread model DOUBLE SExtractor model-based star-galaxy classifier
class star DOUBLE SExtractor neural network-based star-galaxy classifier
Nexp psf LONG Number of exposures with successful mag psf measurement
Nexp auto LONG Number of exposures with successful mag auto measurement
Separation DOUBLE arcsec Distance between median coordinate in griz bands and u band (only in S-CVZ field)

NOTE—All columns except Separation can have prefix, while all columns except Index, Nexp psf, Nexp auto, and Separation have suffix.
Prefix: “* ” indicates the associated band for the parameter, with * = one or a combination of ugriz bands (such as g in all fields or griz
only for S-CVZ). If not specified (for Index, ra, and dec in all fields except S-CVZ), it represents the value for all bands combined.
Suffix: “ m” and “ err” indicate unweighted median (50%) and its corresponding error of Nexp measurements with err = 0.5 ×
(84th percentile− 16th percentile)/

√
Nexp; “ w” indicates inverse variance weighted mean (Σ(mi/e

2
i )/Σ(1/e

2
i ), where mi and ei repre-

sent individual measurement and its error at ith exposure, respectively); ” w err” indicates the error associated with w after error propagation
(1/

√
Σ(1/e2i )). Specifically, “ err” = “ w err” = error of individual measurement when Nexp=1.

Value = “-99” indicates no data or non-detection.

Table 4. FITS table format for the light curve

Column Name Format Units Description

ra DOUBLE degree Right Ascension (J2000)
dec DOUBLE degree Declination (J2000)
expnum LONG DECam exposure number
mjd DOUBLE day Modified Julian date of exposure
band Char Filter (one of ugriz)
mag psf DOUBLE mag SExtractor PSF magnitude
mag e psf DOUBLE mag Uncertainty of SExtractor PSF magnitude
mag auto DOUBLE mag SExtractor AUTO magnitude
mag e auto DOUBLE mag Uncertainty of SExtractor AUTO magnitude
flags LONG SExtractor extraction flags
spread model DOUBLE SExtractor model-based star-galaxy separation
spread model e DOUBLE Uncertainty of SExtractor model-based star-galaxy separation
class star DOUBLE SExtractor neural network-based star-galaxy separation




