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ABSTRACT

As the James Webh Space Telescope (JWST) has become fully operational, early release data are now available to begin building
the tools and calibrations for precision poini-source photometry and astrometry in crowded cluster environments. Here, we
present our independent reduction of NIRCam imaging of the metal-poor globular cluster M 92, which were collected under
Director’s Discretionary Early Release Science programme ERS-1334. We derived empirical models of the point spread function
{PSF) for filiers FOOW, F150W, F2Z77TW, and F444W, and find that these PSFs: (1) are generally andersampled (FWHM -
2 pixel} in F1S0W and FA44W and severely undersampled (FWHM ~ 1 pixel) in FOROW and F2Z7TW, (ii) have significant
variation across the field of view, up to ~15-20 percent: and (i1i} have temporal variations of ~ 3—4 per cent across multi-epoch
exposures. We deploved our PSFs o determine the photometric precision of NIRCam for stars in the crowded, central regions
of M 92, measured to be at the ~0.01 mag level. We use these data to construct the fisst JWST colour-magnitude diagrams of a
globular cluster. Employing existing stellar models, we find that the data reach almost the bottom of the M 92 main sequence
{~0.1 M ). and reveal 24 white dwarf candidate members of M 92 in the brightest portion of the white dwarf cooling sequence.
The latter dre confirmed through a cross-match with archival HST UV and optical data. We also detect the presence of multiple
stellar populations along the low-mass main sequence of M 92

Key words: technigoes: image processing — techniques: phoiometric — stars: Fopulation II-white dwarfs - globular clusters:
individual: NGC 6341 (M 92).

phenomena in the nesr and distant Universe. Argoably the most

LT ROCETGN sucoessfnl and longest lived of the space ohservatorics has been

In the past 30 yr space telescopes have revolutionmed the world
of astronomy. with new and, sometimes, unexpected discoveries.
Motable cxamples inchede Hipparces (Heg et al. 20000 and Gaia
{Gaim Colloborstion 20065, which significantly advanced the field
of astrometry and contributed 1o our understanding of stellar as-
trophysics and Milky Way structure: Kepler (Borucka el al. 20000
and TESS (Ricker et al. 20115), whose precision light curves greatly
expanded the fields of exoplanets and variable sturs; Spirzer (Wemer
et al. 2004 ). Herschel (Pilbratt et al. 20000, mnd WISE (Wright
et al. 201)), whose sensitivity at intrared (IR ) wavelengths advanced
stodies of star-forming regions, distunt palaxes. and cosmology:
and Chandra (Wetsskopf et al. 2002) and XMM-Newton (Jansen
et nl. 2001 ). which enabled X-ray observations of the most energetic

* E-muil: domsenioo mardielbo @ maf a (0N ) luspt bedindd osaf i {LB)

the Hubble Space Telescope (H3T), whose instruments enable L7,
optical. and infrared imaging and spectroscopy al high spatial
resolution and sensitivity, and comtinues o provide revolotionary
results in all areas of astrophysics.

Om 2021 December 25, the NASA/ESANCSA fumes Webb Space
Telescope (JWST: Gardner et al. 2006} was successfully lounched on
an Ariane 5 rocket from the Guinng Space Centre in Kourow, French
Ciuinna. COwver the subsequent six months afier arrival, SWST success-
fully passed all phases of commissioning and testing. and on 2022
July 11 the first science images from the facility were made public.
JWETs 6.5 m primary murror s formed by 18 hexagonal mimmor
segments made of gold-plated beryllium, which allow the telescope
to ohserve at both near-1R and mid-IR wovelengths (0.6-28.3 um).
Four science instroments {NIRCam, NIRSpec, MIRI and NIRISS)
and a guide camera (F(38) are mounted in the Integrated Science
Instrsment Module. Their voned capabilities are enabling analysis
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of the light of the first galaxics, the study of exoplinet stmospheres.
and improved understanding of the origins and evolution of resolved
steliar populations - clusters and nearby galaxies {(Greene et al.
2009; Meixner et al. 20019; Ricke et al. 201%; Windhorst et al. 20019},

Before the monch of SWST, 13 Director’s Discretionary Early
Belease Science (DD-ERS) programmes! were selected to conduct
the first scientific observations with the facility after the completion
of commissioning. These dats ure immediately released to the public,

This is the first in a senes of papers aimed at explofing the as-
trometric and photometric capabilities of fW57Ts instroments based
on data collected during the DD-ERS programmes, with the goal of
developing the tools needed 1o obtain kigh-precision photomefry and
astrometry of stars in crowded environments. In this work, we extract
effective poim spread functions (P5Fs) and photometry for stars in
the very metal poor globolar clusier NGC 6341, based on images
collected with the Near Infrared Camera (NIRCam) of JWST as part
of programme ERS-1334 (PL: Weisz). Subsequent works will Focus
oncormecting geometric distonion and obtaining precision astrometry
of stars with NIRCam (Paper 11, Griggio et ol in preparation),
analysis of resolved galaxies (Paper 111, Bedin et al. in preparation),
and on the use of the NIRISS and FGS tmages for crowded feld
studies (Paper 1V, Nardiello et al. in preparation). This article is
structured as follows: Section 2 describes the NIRCam observations
presented in this work, Section 3 reviews the procedures used to
derive effective PSF models for each of the four NIRCam Alters
psed, mnd to extract the Ii:stﬂli".ﬁ'phntum:h‘ic: catalogues of stars in
M 2. Section 4 reports the procedures used to transform instrumenital
magnitudes inio a photometric sysiem defined by theoreiical models.
Section 5 describes an analysis of the M 92 colour-magninsde
diagrams (CMDks) obtained by combining /WET and H5T imaging
data. Section & summarizes our conclosions.

I OBSERVATIONS

The NIRCam imaging camera covers the red optical and near-1R
wavelength range 0,65 um in two simultaneous channels: the shon
wavelength (SW) channel ((L6-2.3 um) and the long wavelength
{LW') channel (2.4-5.0 um). Each channel consists of two modules
(A and B) that operate in parallel. The field of view of cach module
is 22 x 23 (484 womin®), and these we scparated by a gap
of ~44arcsec. The total feld of view for each channel 15 abouwt
9.7 arcmin’. In the 8W channel. gaps of ~5 arcsec separate the four
detectors that constitute each moedule. Both modules in each channel
operate with the same set of narrow-, medium-, and wide-band filters.
The imaging resolution for the SW channel is ~31 mas per pixel,
while for the LW channel it is ~63 mas per pixel.

DD-ERS pogramme ERS-1334 wsed NIRCam o mage
MGC 6341 (M 92). 8 very metal poor globular cluster ([Fe/H| = —2.35,
Harris 1996) located af & distance of ~8.5 kpe from the Sun
(bservations were obtained over 2022 June 2021 for a total 195 h,
using filters FOSOW (3. ~ 0.8-1.0 um}and FISOW (& ~ 1.3-1.7 um)
in the SW channel, and FZ77W (A~ 2.4-3_ 1 pm) and F444W (% ~
39-50 pm} in the LW chunnel. For each filter, four exposures of
31137 s each were obinined using the, SHALI.OWS readout mode (4
frames averaged and | frame skipped), for & total integration time of
124548 s per filter. These images were obtained in a 4-point sub-
pixe] dither paticrn to mitigaic cosmic rays, bad pivels, and improve
the sampling of the PSE Both NIRCam channels were centred such
that the the 44 arcsec gap between the modules covered the centre

! hmpsstfwwwsiser edufwstscience - execu tinnfapproved- ers- programs
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of the cluster, gs illustrated in the stacked. threc-colour (FUROW,
F150W, and FA44W) image shown in Fig. 1.

For our analysis, we psed the single exposure calibrated mmages
{ .c21) that are crented by the Stage 2 pipeline calwebb image 2
Ench pinel is calibrated by the pipeline to units of My per steradian.
We convented these values mio counts by using the header keywords
PHOTMISE (flux density in My per steradian corresponding to 1
count per second ) and XPOSURE (effective exposore ime). We also
used the Data Quality (D)) image included m the _cal fits data
cube to flag bad ond satwrated pixels on the science image.

A total of 8 x 2048 pixel = 2048 pixel images are associated
with each exposure obtained with the SW channel (four images
for each module), while 2 = 2048 pixel = 2048 pixel images are
associated o cach exposure obtuimed with the LW channel (one
for cach modulke ). We excluded from our reduction and analysis the
oAl exposures with root-name w013324001001 0210100003
I_.i.ln‘u-h"i.n_g filters FUSOW and F2Z7TW, for a total of 10 images)
as they were found 1o be unusable. We therefore reduced 24, 32,
6., and ¥ images in FOUWOW, F150W, F27TW, and F344W filters,

respectively.

3 PSF MODELLING AND DATA REDUCTION

As reported in the JWST documentation.” the NIRCam PSFs (in
imaging mode) are Nyguist sampled for wavelengths longer than
2.0 pm in the SW channel and 4.0 pm i the LW channel, come-
sponding to full-width at hatf-maximom FWHM ~2-3 pixels. At
shorter wovelengths, the PSFs are under-sampled. Deriving & correct
model for an undersampled PSF is a challenging but necessary task,
as incorrect PSFs can introduce systematic errors in the extraction of
positions and fluxes of stors { Anderson & King 200403,

We followed the empirical approach developed by Anderson &
l{'rl:l.g!'m.hﬁ'::!ﬂﬂ AKO) for the HSTVI'idI:h["I:IdFla.n:t.'lr}' Cam-
era 2 {WFPCZ)io obinin a mode] of the effective pixel-convolved PSF
(eP5F). This approach has been used to derive *library” (reference)
eP5Fs for the HST Advanced Camera for Survey { ACS: Anderson &
King 2004, 2006) and the Wide Field Cameru 3 {WFC3: Anderson
et al. 2015; Anderson HH6), which to this duy represent the stae
of the anl for poini-source photometry and astrometry. The ePSF
approach has also been applied to the modelling of under-sampled
P5Fs in Kepler/K2 images (Nardictlo ot al. 20016; Libralato et al.
2016a.h). The procedure outlined below was applied independently
for each set of images in a given detectonfilier combination,

To break the degeneracy between position and flux of a source
isee fig. 1 of AKOO) to derive o well-sampled PSF model, it is
necessary to precisely constmin the positions and fluxes for a set of
stars. However, this information can not be obtained accorately if the
PSF is not appropnately modelled. As such. an iterative approach is
required: starting from a first-goess catalogue of positions and fluxes
of isolated, bright. unsaturated point sowrces. we alternately derive
the ePSF model and the stars’ positions and fluxes, improving ot
each tleration both sets of quantities until reasonahle convergence is
achicved.

31 A first-puess catalogue of stars

For each image, we first extracted & initial estimate of the empirical
PSF following the approach by Anderson et al. (20061 PEFs models

* b wsi-pipeeline. readihedocs o
nips: A wsi-docs sticleduf
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486 D). Nardiello et al.

Figure 1. Three-colour stacked image of the MIRCamn theld of view centred on b0 92, The filers FORW, F1ISOW, and FUSW have been waed Tor the red, green,
and blue channels, respectively. The field is oriented with Noah up and Eaa lefi. In the FAddW sracked image, we masked pixels comespondimg 1o the gaps of

the SW channel.

are obtained for each image in a total empincal way, by normalizing a
sample of isolated, bright stars for thew total fux, and averaging them
on a grid of 201 x 201 points defined in o space that supersamples
the PSF pixel by a factor 4. These empirical PSFs, even 1f already
good enough for measuring with a first approximation the positions
and the Huxes of the stars, are not sufhcient for mgh-precision
photometnic and astrometric measurements of the stars, particulorly
in crowded environmends. We then used these imitial PSFs 1o measore
the positions and fluxes of isclated (the pesk must be at least 10
pixels from the nearest peak), bright (the mimimum flux above the
local sky must be ot least 3000 coants), unsaturated stars in each
image. In this step we used the software imgzZxym, developed by
Anderson et al. (2006) for the Wide Field Imager { WFL) & ESOYMPG
2.2m telescope, and sdapted to NIRCam data. This algonthm finds,
models, measures, and subtracts stars that are progressively [amier
through an Herative process, simulianeously fitting the postions and
fluxes of each stor and its {potentialily overlapping) neighbours. We
cross-identified the stars in each imagee 10 a given detectorfhiter dithes
set, then irensioemed the postions and fuxes of the stars imo a sngle
catalogue anchored {o o common reference system associafed to the
first image ineach set, using six-parameter linear transformations. and
photometric zero-point shifts. The tansformed positions and fluxes
of each star detected in at least three images are then wsed o define
1 master catalogwe that serves as the reference for modelhng the
eP5F model for a given detector and filter. Esch catalogue contmns
between 1500 and 60X stars depending on the channel, modole.
detector, and filter 1t represents.

1.2 Obtaining the effective point spread function

Given an individusl star centred at (x., v.) and having flux 1., every
pixel {i, J) of an 1mage close to the star samples the normahzed ePSF

MNRAS 517, 484497 (2022
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where P, ;15 the count value of the image af puxek (i jk (Ax Av] =
(i — x,. j — ¥,) 15 the paxed ofifset from the star's centre, and s, 15
the local sky backsround. measured os the mode of the pii:l valoe
distribotion computed in an annulus of mdil rg =7 pixel and rog =
13 pixel and centred on the star. Knowing the flux and position of
cach star in each exposure. each pixel {i, j) close o the star represents
o sampling of the PSF at one point in the 20 wray thet defines the
ePSE.

Our procedure 1o determine an overall ePSF model followed these
steps (we refer the reader to AR for a more detatled description of
these steps):

{1} We first transformed the positions of the stars in the master
catalogue on to the relerence syvstem of each imdividoal mage wsing
the transformations descnbed ahove.

{1} We then converied each pixel value wathin 10 pixels of the
star’s conire in & given image inlo an estimate of the corresponding
point in the ePSF model. Given the lorge number of stars in each
master catalogue, there are of order millions of point sampling wsed
to determine the ePSF model.

{11i) The ePS5F model was constructed by projecting these indi-
vidual point samplings from the [0 pinel x 10 pixel original image
scale to o finer ePSF grid super-sampled by s factor of 4 (2] points =
41 points). In the 15t iterotion, each ePSF grid-point was calculoted
a5 the 250 chpped avernge of pont sampling within a square of
0.25 paxels i Ax and Ay coordinates. In subsequent iterations, we
first subtracted from each sampling the corresponding value in the
current ePSF model, then caloulated the 2 So-clipped average of the
ressduals i each 0025 paxed = (0025 pixel gnd poant. Thas resaduoal
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Figure X Overview of the ilemtive phocess of determine the ePSF model for Aher FOS0W for detector 4 afl medule A, in the case of no sputial varathon of dee
PEF across the feld of view. The wp row shows the locaon of the estimated value of the ePSF with respect 10 the centre of the stars (000, Le. the ePSF oy
sampling: only 2% percent of the pobms are ploned. The second row displays the ePSF « sampling for 2 shice across the cenitre of the ePSF with (8| < 005

The bomoim two rows Hhestrate the pisel-phase errors along the v and v anes, respectively. From beft 1o right, the panels correspond 1o nerations 1.2, 3, amd 100

grid wis then added to the last available eP5SF model, and the resolt
was smoothed with a combination of quadratic and quartic kernels,
re-centred, and re-normalized;

{wv) Using the updated eP5F model, we remeasured the positions
and fluxes of stors in the master catalogue in cach image; then
transformed the positions back to the onginal reference frome and
camputed average fluxes to updaste the catalogue.

We performed this itemative process lon Umes, assuming a single
eP5F model ino spatial vanation). Fig. 2 shows the improvement
of the ePSF model from the first iteration to the tenth feraton.
In the first Meration, the point samplings are not. homogencously
distnbuted. and the ePSF shape hos significant scatter among the
samples. As the ePSF model improves, both the point samplings

and scatter in the ePSE profile improve. The improvement of the

ePAF model can be particuolarly discemed o the distnbution of
pixel phase errors, Le. the difference between the expected positions
(transtormed from the master catalogoe to each individual mmage)
and the measured positions of the stars (oblaned osing the ePSE
model st each neration). a5 B function of the poxel phaﬁ:.‘ This
distnbution shows o sinusoidal pattern i the first iteration, expect
for an offset ePSF model; this pattern flattens as the ePSF model
EPEOYEs.

Alfter the tenth iteration, we saw no improvement m the pioel phase
error distoibutinn or sample scatter i eP5F model. However. P5Fs

l'S:Fan.'l.|Ih.'u.|=}. the perel phose of 2 siar, defined a5 ¢, = © — e + 00.5) and
ty, = ¥ — mally + 0.5}, s the bcatoa of the star with respect 10 the pixel
Boundaries
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Figure 3. Overview of the spatial vanation of the ePSF model for filier FESOW and detector 1 of modole A in the SW channel. The lefi panel shows the final
4w 5wy of ePSFs calulated in image sub-regions of size 409 pieel = 300 pivel. The nghi-hond panel shows the difference beoween each ePSF aned
averige of all 25 ePSFs across the derecios: The scale of the variation compared o the mormalized ePSF is indicated by the colour bar above 1he panel.

vary with location scross the detector due o propection effects. so
subsequent ilerations of this process introduced o spatial varation
to the ePSF model. This vanation was done by dividing the mmage
into- sgh-regions, then calculating the ePSF model in each of these
regions following the steps nhove, starting with the “global® ePSF
miodel calculated at the end of the tenth teration. We increased the
number of sub-regions in stages. staning with 2 x 2 sub-regions of
dimension 1024 pi?l:l.'l = 1024 paxel (iterntions 11-13), then 3 x 3
sub-regions of dimension 682 pixel x 682 pixel (tterations [4-16),
and finally 5 = 5 sub-regions of dimension 409 pixel x 409 pixel
{itcrations 17-21}) Fig. 3 shows an example of the finol ePSF array
for filter FIS0W and detector | of module A in the 3W channel.
The peak-to-peak vanation 15 aboot 9 percent m this case, while
maximum variations of op o 15-20 percent were found for the

ePSF armays in FOROW images.

33 Time variahility of the ePSF

If the library ePSF model determined sbove 1s constant in bme; it
could in prnciple be used to derive the positions and fluxes of stars
in all images obtained with NIRCam. However, past experience with
HET shows that, even in idcal and stable conditions, PSFs are known
o vary with ome.

In order 0 measure and minimize the effects of Gme vonation
of the ePSF model, we pesformed a perturbation analbysis origi-
nally mtroduced in Anderson & King (2006 (see also Anderson
et al. 200%) and deployed in severnl subsequent HST works {e.g.
Mardiello et al. 2018). Briefly, for o given detector/filter set, we
siori with the libmry ePSF measured from an mnitisl dafa-set (i
this case. the M 92 observations), and perturb it to account for
ePSF vanations that emerge ina second data set. For the latter, we
wsed NIRCam pbservations of the Woll-Londmark-Melotte (WLM)
irregular galaxy (Woll 1909; Melotte 1926; Holmberg 1950), also
obtained in programme ERS 1334 about one month after the M 92

MNRAS 517, 484-497 (2027)

observations.” We follow a similar iterative procedure as ouotlined
obove. We started by using the initial library ePSF model to
measure the positons and fluxes of 4 set of bright. unsaturaied,
isclated stars in the second data set. We then subitracted the ePSF
models from these stors, ond re-sampled the residuals on o a
grid of residuals, that will be used fo periurb the onginal library
cP5Fs. The spatial grid of mean resideal can vary from 1 w1
to 5 x 5 (same gnd as the ePSFs) based on the number of stars
available in the field of view of the image (minimum 15 stars
in & sub-region). Each point of the grid corresponds to o point
of the image. and. when the used gnd is smaller than 5 = 5.
we osed bi-linear interpolations to cabculate the perturbation to
add to each of the 25 library ePSFs. We repeated this procedure
five times to converge to mm optimolly perurbed ¢PSF model
grid.

Fig. 4, demonstrates the resulls of the library ePSF periurbation.
The 5 = 5 residual array between the M 92 ePSF model and final
WLM ePSF model shows varistions of order 3—4 per cent, indicating
that temporal varations of the NIRCam PSF gre significont: the
left-hand panel shows the residuals we added to the library ePSF
calculated iteratively modelling and subtracting the stellar models
on a grid of 5 x 5 residual points. On the right we illustrate how
the quality-of-fit (gfit) diagnostic.® which assess the quality of 2 PSF
muodel fit to an individual star (the smaller is the gfit. the better the

We  specifically  evalumisd  the imase w1 1340 050
0L 02101 60001 nrebd cal corresponding w chammel S'W, module B,
detector 3, and filter FOOORH.

“The gualiav-of-fit parameter describes the mean difference berween the real
atar pnd the model, snd it s defived as giie="5; 4P — L = ¢V Py
U-"'I.Er\éi:m—!\....._m+5,j=_ﬁ1|—5 ..... _'Lu+§,l:.m,_mrhﬂ'£ﬂa.rbeﬂw,
P bs the value of the pixel in (i, ), £ is the todal flux of the star from the
PSF fiming. and ¢ is the PSF model
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Flgure 4. Owversiew on dee resubis obtamed from bbrary ePSF perurbstion from our M 92 2PSF grid 1o observations of the WILM galaxy, also obtained with
NIRCam. The lefi-hond panel shiws the ressduals added 1o the libeary ePSFs w obtain the permurbed ePPSFs. The wdal variation acooss the grid goes from
- —d per cent 1~ 2 per cemt. The nghi-land panel shows the guaby-of-fit (giit) & 2 functvn of insdromental magnitde before (lop paned j and afier (hotiom
panel) perturbatson of the lthrary ePSE The medsan giit for bright staes (ieinimental magnitude berween — 130 and —10.5} declines from ~— L o ~0.03.

FSF fit), improves significamtly after the perturbation of the library
cP5Fs

We conclude that, when possible based on the number of available
bright stars, perurbation of the library eP$Fs such as those presented
here are necessary to achieve the best photometric (and presumably
astrometric) measdrements.

34 M 92 data reduction

With the library of ePSF model arays determined for the full set of
fitters and detectors in our data set, we extracted the posttions and
flaxes of stars in each individoal image adopting the PSE-fitting
software imgZxym akready used and descnbed in Section 3.1.
We set o faint limit for sowrce detection (local maxima above the
neighbouring sky) as an integrated flux of at least 50 counts, and at
least five pixels from the closest source.

We cross-matched and transformed all source positions on to
a common teference system o dedve a foal catalogue of stars
pcross each image dither set. Becanse the exposures are dithered
by only a few tens of pixels. individual detectors do not overlap.
We therefore analysed detector and filter combinations mdividwally.
geoersting separate catalogues for each. Sources were required to
be detected in ot least three images. Each catalogue includes the
reference pixel positions of the stars, their instrumental magnitudes’
and uncertaintics, and the mean gfi

TTse inserumensal magmitinde is defined 25 mposTr = —2.5 o log fpgr. whene
fpsF ts the winl Hux of the sar (8 counts) nseasured through PSE finmg.

We purged these catalogues of bad detection, PSF snefacts, and
other contaminants by using the procedures descnbed e Nardicllo
et al. (2008) ond iflustrated in Fig. 5. Specifically. we nsed both
photometric emors as o function of nstnumental mogniude and
the gfit statistic to identify and remove non-stellar soorces. Fig. §
also shows the instrumenial FOSOW versus FISKIW-F150W CMD
before and after this cleaning procedure, It is important to note that
this CMD includes sources not onlty clearty detectable in individoal
images, but present in at least 3 out of 4 images. As such, these
preliminary CMDs do not go as faint as the data would allow, and
ure probably rather incomplete. Moreover. denved photometry are
still volnerable to pixel-orea effects. these due w geometric distor-
tion, to lithogrphic effects (e.g. Anderson & King 1999 Bellind,
Anderson & Bedin 200 1), or to both. Future work will address these
ISHLES.

4 PHOTOMETRIC REGISTRATION

Ax a first attempt at calibrating the mstromental magnitndes of
the stars detected in the M 92 observations, we cross-matched oor
catnlogues with the _cat outputs of the Stage 3 pipeline cal-
webb_image3, based on pre-flight duta. However, when comparing
the CMDs obtamed for stars on differend detectors and modules.
it wos clear that there were significant photometric xero-point
offsets; op 1o 0.4 mag. There were wlso significent deviations in
overtapping CMDs obtained matching the SWST_cat catalogoes
with the publicly availoble HST catalogue of M 92 released by

MNRAS 517, 484497 (2022)

g2z Alenuer g1 Uo Jasn syxBojoosU D) BTLBESG P OUSURPE g AT GZIG0L0/ME b 1L S/ BIS0E SEIL 00 dNo’ U BEE B ROl | WCY pepED) LMoL



490 D). Nardiello et al.

QFIT

0.01

ﬂ'ﬂﬂl IIII\r.I-'Il 'l[llllllll

= Illl:ll.l'\lllllllllli

=16 -12 -8
Fooow

-6~-10 =12 -9
F150W

=14
—12
=
& =10
o
=
-8
sl T e T
£ s ﬁﬂi" ]
RS il B SRS N ks u B
-G -1 =05 0 05 1

FO90W-F150W
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o ihe final source catalogses for tmages obiained winh deteconr 1 of module A i the SW chunoel.

the *H5T UV Globular cluster Sorvey’ (HUGS:* Nardielto et al.
2018}, based on dats collected under HST programmes GO-10775
{Pl: Sorajedini, Sarajedini et al. 2007) and GO-13297 (PI: Piotio,
Piotto et al. 2015} These photometric offsets have been also observed
bw other tenms (e_g. the research note by Boyer et al. 2022, or the
zero-point corrections tabulated by . Brammer).® The photometric
offsets are correlated to the absolute flux zero-poimis adopted by the
IWST pipeline 1o calibrate the single detectors. Actually, the IWST
calibration programmes are siill ongoing. and the zero-poants used
the calibration pipeline are still far to be perfect. We therefore pursoed
an alternative approach. boostrapping the JWST measurements to the
HAT data and theoretical models.

We first measured the distance of M 92 by comparing the
HA T o VETSUS Mpnew — Megpuw CMD with the BASTI-1AC
miodels (Hidalgo et al. 2008; Pietrinfernd ot al. 2021 ). For the models.
we assumed an age T = 13.0 Gyr, metalbcity [Fe'H| = —2.31, and
alpha ennchment [e/Fe] = 404 (Hams 1996). We selected the stars
in magnitode imerval 165 <X mipggp = 2005, roughly +2 mag around
the main sequence (MS) tum-off (TO). We determined the fiducial
line of these stars by using & naive estimator. We divided the MS and
red giant branch (RGB) sequences mio bins of Smpisw = (L5 mag.
and in these mtervals defined a gnd of & points separated by steps
of width Snrzgge. In each interval mb, o0 < My < Wb
withi=1,_. N, we calcolated the median colour and magnitude of
the stars within the magnitude interval. We then interpolated these
median points using a cubic spline (for o more detailed description of
this procedure, see Nardiello et al. 2000 5; Lucertini, Nardiello & Pioto
2021y We then calcolated the ¥* between the fiducial line and the

Mrpacifarchive stcbediprepdshogs
Fheps: i github comdghrammengrizlpal A 107
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isochrone model. shifted by a gnd of distance modulii znd reddening
valnes, and determined a minimum y° for a distance modulos (m —
M = 1465 £ 007 (d = 151 £ (.28 Kpc) and reddening E(F —
Vi = 002 £+ .01 {see Fig. 6). These values are in agreement with
measurements previously reported in the literature {Bavmgarde &
Vasiliev 2021 and references therein).

To register the photometry of stors in the SWET catnlogues, we
cross-mitched these with sources in the HST HUGS catalogue
of M 92 We then generated mpggpey versus mpgor — X CMDs,
where the X represents uncahbrated phm.um:lr'_n.' m each of the
MNIRCam fliers FUS0W, FISOW, FI2TW, and FH4W. We then
calculnted fiducial lines in a range of magnitudes 195 < meguy
< 225, along the M5, following the procedure described above
Shifting the mpmew versus mepgew — X model isochrone on to
the observabional plane using the distance modulus and reddening
computed ahove, we caloulated the mean difference between the
colour of the fiducial line and the shifted isochrone. This value
represents the pholometnic zero-point necded to bring instrumental
magnitudes from each delectors on o a common photometne
VEGAMAG reference system defined by the BASTIHIAC miodels
for the assumed clusier parameters (reddeming, distance, [Fe/H].
[eefFe], ewc). The registration procedwre is illustrated in Fig. 7 for
the case of FUSOW data from detector | of module A in the SW
channel. Table | summarnzes the zero-points we determined for all
af the detectors and filters. with uncenainties tking mio accoupmnt
comtributions from the uncertainties on the photometry, reddening.
and distance modolus. The offsets between the different photometric
zero-poants are in agreement, within the errors, with those tabulated
online by (. Brammer.

For channel LW, which has only a single detector per module, we
evilunted the possibility of spatial variation of the photometric zem-
point scross the field of view of each modube as follows. We first
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Tabde 1. Photometrc zero-poss o bring instromental magniindes from different detectors on 10 a2 common phatometnc
reference gysiem consistent with models by BASTI-LAC for thee assumed cluster parameters determumned from optical HST

data.
EW channel
Detecror Flaow F150W Deetecton Fiaaw Fl50w
Al 3333003 ILBR 003 E.1 3200 £ 00 FEE4 £ 00
A2 3220 £ 006 T899 + D04 B2 3208 + 0 3183 £ DM
Al 3220 L 00 I8 05 B.3 3201 £ 005 3185 £ 005
Ad 2005 A998 £ 006 BA 3217 £ 006 31.95 £ 0.06
LW Chamnel
Mondule FIITW Fipdd W Mosdule FITw Faaw
LY 31.00 £ 007 2R 007 B 3112 £ 06 3034 £ 007
[ T T I T T T lu.-' T l T T T T I T T T T
[ ! . NIRCam Al
17 |- - | % TPy = 32.23 £0.08
- - m - ]
[ « - -
18 -
-3 - 1
g [ * :
E P 7 % oo L -
18 = - B
20 - — i T
= - 1 B
i a1 24 B 7]
0.4 0.8 0.8 - 1
M pgoaw 111 pg14w L . ekl
325 33 33.5 34

Figure 6. The mam sequence wmmofl reghon (blee podms of M 92 inothe
HAT Mrpnay YErSUS Mpgregy — MEgiaw CMD. The fiducial lne is pl.l:lllﬂl in
red, while the green line traces the 13 Gyr BASTI-LAC isochnsie, dhifted to
maich the ehserved CMD by adjpsting the distince modulus and redidening
as deternained i thas wark {see exn for detatls

divided each module into four regions of 1024 pixel = 1024 pixel,
and matched the FZ7TW and FA4W catalogues corresponding
to these regions to the FOSOW catalogues' We then calculated
semo-point corections for each region by comparing the theoretical
modets and fidecial lines as described above. We found that the
zeto-point commection does vary by ~~=(L05 mag between regions.
indicating ths such o correction is necessary for high-precision
photometry. This is approximately the same order of variation among
the zero-points in each of the individoal 5W detectors within a given
miodule.

®yWe could not use the HST catalngues for this correcton because aboat half
of the field of view of each module i ogtside e feld of view of e HST

mages

M pggey— FOSOW

Flgure 7. Phowmetne calibrabon of dats from filies FOS of detector 1 of
murdube A in the SW chanmel. Grey points are the mpenew VDS mpsoey —
FUS(W CMD §where FOSW 1 oncalibrated instrumental magnilodes). The
redl hine represents the fiducial line of te CMD. The dashed blue line iz the
13 Gyr BASTI-LAC wochrone, shifed by the distance modulus and redidening
values determined m this work, and offeer by the desired FOR0N photometric
ZETU-[RMIL

5 COLOUR-MAGNITUDE DIAGRAMS OF M 92

With the individoal zero-points calibrated, we con now evalunte
the infrared CMDs of M 92 revealed by the JWET dats. Fig 8
compares six CMD combinations derived by combining all the JWST
catnlogues extracted in this work. ‘We soperimposed 1o these CMDs
the BASTI-1IAC 1sochrone models used to calibrate the zero-painis.
We find that all of the CMIDs reach down o or below the faint end of
the M5 locus. ot least to a stellar mass of shout 0.1 M. The CMD
that neaches the bottom of the M3 with the highest signal-to-noise
ratio {5/M) 15 mppsow versus mrosow — Mesow. Indecd, ot mrmow =~
26, we measure an SN -~ 12 in FOS0W and SN =200m F150W, while

MNRAS 517, 484497 (2022)
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Figure B. Colour—smagnitude duggrams inferred from the calibrated SWET data The green lises ase the BASTI-LAC 13 Gyt 1sochpoime.

tor stars at the equivalent FOYIW magnitude the LW measurements
hove 5N -~ 10 tor F2TTW and 5/N ~E for F444W.

5.1 M%2 White dwarfs

In the i pyegy YErsSUS Mmagw — M sy CMD, we identified 24 sources
23 and colour (Mepgw — Mesow) = 0030 We visually confirmed
that these sources comespond to robust poini-sources in the stacked
FIROW and F150W frames {Fig. Al in Appendix AJ. These stars are
likely white dwarfs.(WDs) i M 92, To verfy this hypothesis. we
first cross-matched the FUSOW and F150W catalogues with F225W
and F275W UV catalogwes generated by reducing H5T data collected
in programme GO-13173 (PL: Kalirai), Fig. 9 displays the resulting
CMD=. We found seven W D candidates were malched between JIWWST
and HST data sets. and all of them bie on the WD sequence i the
Mgy VETSUS M sy — My CMD. We also compared both IR and
UV CMDs of the WD cooling sequence with two (154 M., cooling
tracks with hydrogen and helium atmospheres from the Ba5TE-LAC
datpbase (Salans et al 2022). We are observing the bright part of

that passed the quality selechon cnteria at magnitudes e

MNRAS 517, 484497 (2022

the W cooling sequence of M 92 .in the JWST catalogoes, where
the mass of the evolving WDs is practically constant and equal o
~ .53 £+ 0.0F M-, { Kalirai et al. 3009). The excellent alignment of
the selected sources with the theoretical cooling tracks m both [R
and UV CMDs confirms their WD nature. Paper [l will calibrate
with the geometne distorion of NIECam, making possible proper
motions measurements for those soorces in common with 5T
collecied between 3 and 20 yr earlier, which will confirm ar refute
the membership of these WDs im0 92

5.2 Multiple populations in M 92

Like almost all the old Galactic globular clusters (e.g. Piotio et al.
2015; Basnan & Lardo 2018) and extragalactic globular clusters (e g
Larsen et al. 2014 Nardhello et al. 20009}, M %2 hosts multiple stellar
populations characterzed by different hight element (C, N, O, Al
Mz, etc) and hebum sbundances. Analysis by Milone et al. (2017)
indicates that M 92 hosts st least three different stellar populations: a
“first generation’ { | P) having primordial helium content and chemical
properties sumilar to the medium out of which it formed; and “second
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blue circles imbieate the WS denitified n SWST dais. Magents and red hoes dislineate WD cooling wacks for ydomogen and beliom envelopes. respectively.

geoeration” populations (2Ps) which are ennched in helium and
nitrogen, and depleted in carbon and oxygen, likely formed from the
material processed by the 1P Milone et al. (2018) found a maximum
difference in helium between the 1P and 2Ps populabions of 8¥,,,
~ O.04. Mésziros et al. {2013) reporied average volues of [(WFe| =
0.67. [CfFe] = —0.42. and [NiFe| = 0.89 for 1P, and [OfFe] = 0.40,
[CiFe] = —0.38, and [N/Fe] = 1.03 for 2Ps.

While a detailed analysis of the multiple population phenome non
is behind the scope of this work, we checked that the CMDs obtained
with the HST UV/optical and JWST IR cross-matched catalogues.
As shown by Salaris et al. (20019, the magnitudes of RGE and cool
MS starz in the JWST filters contain signatures of CNO sbundance
vamations typicel of the multiple population phenomenon. Fig. 10
displays the mpysgy VETSUS Moy — Mlesgw CMD. which shows
o clear MS spread for mespe 55 18.75. We analvsed in detail this
spread to determine if it is doe to photometric errors or the presence of
multiple populations. We first verticalized the MS in the magnitmde
range 1573 < mppsgp = 19,75 calculating the Sth and %5th percentile
of the colour distnbution along the M5 We used these two hiducial
lines (hd{5th) and bd(95th)) w calculate the quantity:

(M przaw — Mppspy) — Dd(95th)
nd{@5thy — facd{ 5th)

AmErEw Fisow = 2}
This vericalized MS is shown in Fig. 10, where the presence of mul-
tiple sequences is visnally evident We also discern multple peaks
in disitthuiions of sters across the verucalized MS. We therefore

divided the CMD popolation into two perts: we assigned points with
Ay psgw > —U35 to 8 group called PopA. and points with
A gy Fisow = —U.5 10 a group called PopB. PopA shoold contain
the ferge part of 1P stars. 50 on average its photometnic propertics
reflect 1F's characiensiics; while PopB iracks the (mnresolved) 2Ps
populations We also evaluated the colour distributions of these two
groups of stars in  sequence of CMDs of iy sy VErsus my — Mmsaw
with X = F235W, F275W, Fil6W, FA3EW. FeO6W, FAI4W, and
FISOW (HST and JWET fillers), i.e. using colours different from that
used for the identification of the PopA/PopB groups n Fig. 10 We
found that the two groups of stars form mostly separated sequences
in each of these CMDs, differing in colour by op o 0.2 mag.
The consistem scparation of these groups strengthens the case tha
PopA and PopB stars belong (o popalations with different chemical
propertics.

6 SUMMARY

With the James Webb Space Telescope now fully operational. & new
era of astronomy has begun. lis varions instruments will sllow s 1o
observe not only the primondial Universe and exoplanet aimospheres,
but also low-mass stors 1in globular clusters and resolved galaxies.
In this work. we have evalumted SWST data of the globular
closter M 92 collected with the NIRCam instrument for DD-ERS
programme ERS-1334. We have used these dma to derive a library
of spatiatly varving effective PSFs for filiers FORMIWIFTS0W (SW)

MNEAS 517, 484497 (2022)
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Figure 10. Muliiple stellar populations discerned in the UV fopical/ TR CAMDs of 3 92, Paned {a) shows the mig oy versus mepsge — mippepy CMD where the
spread af the MS is evident for mesow = 175, Panel (b) 15 a z2oom of te M5 for magmnsdes 1875 < mppsow = 1975 magenra and green lines display the
Sih- anl thee @%h- percentile Aduceal lnes. Orange eorir hars along the sighe side of this panel decate the plaiomettc ernors i intervals of (03 mag in FESOW
Panet {¢) shows the venicalized MS from panel (bl We are able 1o visually diviced the stars in two grosps: PopA (ngha ) and PopB (leftl. Panels (dy) amd (da)
shinw the destribution of surces across the vermcalized MS in the nagmivde ranges 18.7% < mppow < 1925 (panel (di ) aml 192% < mgsow < 1975 {pane|
{21 Pamels (e ) throogh (g7) show the calour disinbotions of PopA and PopB staes selected from te venscalized MS o the mppsow versus Oy pogow = (my
— mamnw) CMDE. Above each panel, the mean difference in colour between Pop A (red) and PopB (hlue) 5 dbcated.

and F2TTWF444W (LW for each of the mdividoal detectors and
mindules. We have demonstrated that sigmificant temporal variateons
are present in NIRCam on the order of 3—4 percenl based on a
second set of observations of the Wolf—Lundmark-Melogte irregular
galoxy obtained one month later under the same programme. We
have also shown that these vanations can be corrected by perturbing
these hbrary eP3Fs, engbling high-precision photometry for various
crowded regions over ime. We have also demonstrated & method for
calibrating instrumental magnitedes for individual NIRCam: detec-
tors and hliers nsing theoretical models and prior H5T observations

MNRAS 517, 484497 (2022)

of M 92, and provide measurements of the photometric zera-points
tor the indrvidusl detectors and nlters vsed m this date sef

Cur analyvsis allows for the brsdl examination of JWYT mimared
CMD= for a globular cluster. We demonstrate that all of the CMDs
are well-ht io theoretical 13 {3yr 1sochrones, and reach the lower
bottom of M 92°s MS wt g 30N~ [0-20 depending on the hlter set,
We also detect white dwarfs in the CMD in the FUSOW and F150W
flters, and @ cross-match of the JWST catalogoes with the HST LW
catalogoe m F225W and F275W hlters (obtained by us rodocing
data from (0-15173, PL: Kalimi) identifies 7 WDs in common.
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The location of the WDs on the CMDs gre also in agreement with
theorctical 0.54 M. WD cooling iracks.

Wi afso searched for the presence of multiple stellar popualations
in the UV/IR CMD of the M5 of M 92, We demonstrated that the
mppnw versus (mpnsw — Mesow) CMD resolves a spread of the
MS in the mass range of 0.5-0.6 M. that is not atinbutable to
photometric errors. Dividing the M5 into two groups, PopA and
FopB, corresponding approximuately o 1P and 2F stars, respectively.
we analysed the distnbutions of these popolations in different
combinations of colours. We found that the two groups afmost
always form two well-separated sequences, confirming that they are
composed of stars with differant physical and chemical properties.
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APPENDIX A: WHITE DWARFS ON THE
STACRKRED IMAGE

In Fig. Al we show three W= on the three-colowr stacked mmage
(FIFNOWY + F150W 4 F3WL 1o demonstrate that they are point
sources. The first two WDs from the left have magnitude mgggqe ~
23.2, the last have magnitnde mppony =~ 258

Flgure Al. Three whine dwardfs on the colour-stacked mage.
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APPENDIX B: ELECTRONIC MATERIAL

The catalogues obtammed in this work will be walable elecironically
s supporting materigl (o this paper. We will release a catnlogue for
ecach detector and for each bilter (fotally 20 catnlogpes). A description
of the columns of the catalogues is reporied in Table B1. We will
also pelease the PSF arrays on the website hitps:ffweb.oapd inaf.ivh
edinffiles/PAPER: eMATERIALS/ WS T/ Paper (011,
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Tahble Bl. Descrpioon of the columms of the released catalopoes.

Column Mamse LU Explanason

ol X piiel X swellar postbon in the refercnce sysiem of the detector
0z ¥ piuel Y speblar posdtion 1n the reference system of the detector
E] MRS Calibroted VEGAMAG mognitude

04 STEMA MAG Photoneetac error

as LFIT Ciality-fin parameter

Note,. The punwe of easch file wporms  the  ;formation  on dhe  caologoe:
MECEI41 JWST . X.YZ.CAT, where X = FOOOW, FISOW. F2TIW, Fi4W s the filer,
¥ =A B is the module, and (oaly (or SW chansel) 2 = 123 4 s the detecior tunber.

Thas pager bas been typeser from a TEXISIEX file prepared by e suthor
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