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Abstract
We present James Webb Space Telescope observations of the globular cluster
NGC 6397 and use them to extend to infrared wavelengths the characteriza-
tion of the cluster’s entire white dwarf (WD) cooling sequence (CS). The data
allows us to probe fundamental astrophysical WD properties and to search for
evidence in their colors for (or against) the existence of ancient planetary sys-
tems. The existing archival Hubble Space Telescope imaging data obtained ∼ 18
years ago reach ultra-deep optical magnitudes (V ∼ 31) and allow us to derive a
near-perfect separation between field and cluster members. We detect an appar-
ent split in the lower part of the WD CS of NGC 6397. The red part of the
WD CS, containing about 25% of the total, exhibits significant IR-excess of up
to ΔmF322W2 ∼ 0.5 mag. These infrared excesses require both theoretical and
observational follow-ups to confirm their veracity and to ascertain their true
nature.
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1 INTRODUCTION

Globular clusters (GCs) are the oldest objects in the Uni-
verse for which accurate ages can be determined. They are
ideal laboratories because, to a first approximation, they
consist of stars of the same age, distance, and chemical
composition. Stellar color-magnitude diagrams (CMDs)
of GCs are important tools for stellar astrophysics and
dynamics. Accurate characterization of GC populations
requires understanding and eliminating field contamina-
tion in the observed regions. Our program allows us to
test JWST’s astrometric capabilities for this purpose (Grig-
gio et al. 2023). By leveraging existing high-resolution
HST images collected up to ∼20 yrs ago, we can use
proper-motion measurements to establish cluster mem-
bership for the fainest stars and WDs in these systems.
This article describes the first scientific exploration of
imaging data collected with James Webb Space Telescope
(JWST) program GO-1979 (PI: Bedin), which aims to mea-
sure high-precision infrared photometry and astrometry
of the faintest objects in the two closest Galactic GCs,
Messier 4 (d = 1.83 ± 0.03 kpc) and NGC 6397 (d = 2.46 ±
0.06 kpc Baumgardt & Vasiliev 2021). The main goals
of this program include exploring multiple stellar popu-
lations among the low-mass stars in these GCs (Marino
et al. 2008; Milone et al. 2012a), including substellar
populations; examining the clusters’ internal kinematics
which provides important information about the forma-
tion of the clusters’ multiple populations (see, e.g., Cor-
doni et al. 2020; Martens et al. 2023; Tiongco et al. 2019),
including dispersion and rotation as a function of stel-
lar mass (Scalco et al. 2023), and examining the outer
regions of the cluster, and the Galactic field popula-
tions.

Here, we present analyses of the entire white dwarf
(WD) cooling sequence (CS) of NGC 6397. This clus-
ter hosts multiple populations disclosed both photometri-
cally (Milone et al. 2012b) and spectroscopically (see, e.g.,
Gratton et al. 2001), an iron abundance [Fe/H]∼ −2.0
(Gratton et al. 2001), and main sequence turn off ages in
the range ∼12.5-13 Gyr (Correnti et al. 2018; VandenBerg
et al. 2013).

Our investigation of WDs extends to the infrared (IR)
band the study already done in the optical with photome-
try collected with the Hubble Space Telescope (HST, Ander-
son et al. 2008a; Hansen et al. 2007; Richer et al. 2006;
Torres et al. 2015) that was tuned towards the determina-
tion of the cluster age from the CS, and has provided ages
in the range ∼11.5–13.0 Gyr.

Many WDs have shown infrared excess in their spec-
tra (e.g., Reach et al. 2005; Su et al. 2007), and recent
estimate is that 15% of young WDs possess a debris disk

(Chu et al. 2011). Infrared observations of WDs in GCs
can reveal the presence of debris disks in these systems.
Indeed, it is commonly assumed that metal-enrichment in
DZ WDs (Metal lines present in atmosphere) is explained
as accretion of tidally-disrupted planetesimals (e.g., Swan
et al. 2023).

The extended wavelength range in the here-presented
JWST data allows us to explore the evolution and the
fundamental astrophysics of WDs in this GC; in particu-
lar, examining evidence for (or against) the existence of
ancient planetary systems around hotter WDs through the
presence (or absence) of IR photometric excess.

2 OBSERVATIONS

2.1 JWST images

We examined images collected with the JWST Near
Infrared Camera (NIRCam, Rieke et al. 2023) of NGC 6397
taken under program GO-1979. Observations were con-
ducted simultaneously with the Short Wavelength (SW)
and Long Wavelength (LW) channels on 2023 March
14 (epoch ∼2023.2). We used the 6-point FULLBOX pri-
mary pattern with a 2-POINT-LARGE-WITH-NIRISS
sub-pixel dither pattern. At each of the resulting twelve
pointings, a single image in both channels was collected
with the readout pattern MEDIUM8 (6 groups), for an
effective exposure time per image of 622.733 s. We used
ultra-wide filters for both NIRCam channels: F150W2
in the SW channel and F322W2 in the LW channel.
Left-panel of Figure 1 shows a Digital Sky Survey 2
InfraRed1 image of the field around our NIRCam point-
ing, which is centered at (𝛼; 𝛿) = (265◦.275; −53◦.756), at
an average angular distance from the center of the clus-
ter of about 6 arcmin, ranging between 2.7 arcmin and 9.2
arcmin. The central panel of Figure 1 shows the F150W2
stacked image for the entire NIRCam field of view (FoV),
while the right panel shows a zoom-in of 1′ × 1′ for a rel-
atively “sparse” region highlighting both the high density
of stars and abundant background of resolved extragalactic
sources.

We independently ran stages 1 and 2 of the JWST
calibration pipeline (Bushouse et al. 2023) to obtain the
level-2b _cal images. In the stage 1 pipeline, we used all
default parameters except for the ramp fit, for which we
used theframe zero (the first frame of each integration)
to measure pixels that are saturated in the first group up

1
Plate ID: A30L collected 1988/08/20; for details see http://archive

.eso.org/cms/tools-documentation/the-eso-st-ecf-digitized-sky-survey
-application.html.
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F I G U R E 1 (Left:) A 25′ × 25′ infrared image from the Digital Sky Survey 2 centered on our NIRCam field of NGC 6397 for JWST
program GO-1979 (green box). The image is aligned with North up and East toward the left. The region indicated in red is the archival HST
deep field from programs GO-10424 and GO-11633. (Middle:) The entire NIRCam primary field in filter F150W2. (Right:) A zoom-in on a
dark sub-region (of ∼ 1′ × 1′) in the NIRCam image (magenta boxes in the left and center frames), at a scale of 60′′ where individual pixels
are visible.

to the ramp. This option increases the dynamical range of
our data by over two magnitudes into the nominally sat-
urated intensity regime. We ran the stage 2 pipeline with
all default parameters. We then modified the _cal images
by converting the values of the pixels from MJy sr−1 into
counts by using theFITS file header keywordsPHOTMJSR
(conversion factor from MJy sr−1 to DN s−1) and XPOSURE
(the effective exposure time of each pixel). We also flagged
unusable pixels by using the data quality flags contained
in the _cal data cube.

2.2 HST images

We planned our NIRCam observations to overlap as much
as possible with archival data collected by HST with the
Advanced Camera for Surveys (ACS) Wide Field Channel
(WFC) in broad-band filters F606W and F814W, obtained
through programs GO-10424 (PI: Richer) and GO-11633
(PI: Rich). Given the relative proximity and low reddening
of NGC 6397, these observations are the deepest opti-
cal HST observations available of any GC. The first HST
epoch was taken in ∼ 2005.2 and consisted of 252 F814W
images with exposure times between 616 and 804 s, and
126 F606W images with exposure times between 630 and
769 s. The second HST epoch was taken in ∼ 2010.2 and
consisted of 18 F814W images obtained with exposure
times between 1280 and 1405 s. In the latter program,
short-exposure images (≲40 s) were also taken, which were
useful in measuring a complete sample of bright stars that

were masked during the data reduction of the deep expo-
sures (see Anderson et al. 2008b for details on these data
sets).

3 DATA REDUCTION

All images obtained with NIRCam were reduced with
software tools and methods described in detail in Papers
I, II, and III of the series “Photometry and astrometry
with JWST” (Griggio et al. 2023; Nardiello et al. 2022;
Nardiello et al. 2023a), and applied with success in the
recent Nardiello et al. (2023b) study of brown dwarfs
in 47 Tucanæ. Our methodology consists of a first-
and second-pass photometry as described in Anderson
et al. (2008a). In this section, we briefly describe the
approach but refer readers to the Anderson reference for a
comprehensive description.

The first-pass photometry essentially collects all the
information on PSFs and coordinates transformations
from each image into the common reference frame. In our
case, we adopted Gaia DR3 bright members as a reference,
after having transformed their positions to the epoch of the
data collection (Nardiello et al. 2022; Nardiello et al. 2023a)
and applying our current best geometric distortion correc-
tion (Griggio et al. 2023).

In the second-pass photometry, we used a modified
version of the code KS2 developed by Jay Anderson and
described in Bellini et al. (2017), Scalco et al. (2021), and
references therein. In this step, we extracted positions
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and fluxes using both the PSFs and the transforma-
tions (from coordinates of individual-images to the master
frame) as derived in the first-pass photometry (see Griggio
et al. 2023; Nardiello et al. 2022). KS2 makes use of all pix-
els from all images simultaneously, making it particularly
suitable to obtain deep photometry for sources too faint to
be detected in individual images. Along with fluxes and
positions, KS2 produces a number of quality diagnostics,
including the root mean square (RMS) error in brightness
(in magnitudes), the RMS error in positions, the PSF qual-
ity of fit (q), and a “stellarity index” that describes how well
a given source’s shape resembles the PSF (aka RADXS, see
Bedin et al. 2008).

In the wide-passband filters deployed, the spectral
energy distribution (SED) of a source modifies the shape of
the PSF and hence it could potentially impact the observed
positions. Indeed this was the case for HST optical detec-
tors (e.g., Bellini et al. 2011). However, while discernible
for high-signal-to-noise-ratio point sources, these offsets
are completely negligible at the faint magnitudes of inter-
est in the present work, for which random errors of ∼0.5
pixel dominate (NIRCam pixel scale is ∼31.2 mas).

We conducted an analogous reduction procedure
for the HST data sets, performing the same first- and
second-pass photometry, employing for the second-pass the
original version of KS2 that was developed specifically for
HST cameras Anderson et al. (2008a). We followed pro-
cedures described in detail in Bedin et al. (2023) and in
references therein.

Having measured the photometry and astrometry in
data units (digital numbers and pixels), we calibrated
the JWST and HST photometry to the VEGA-magnitude
system following standard procedures (e.g., Bedin
et al. 2005a), while the astrometric positions were cal-
ibrated to the International Celestial Reference System
(ICRS) frame using Gaia DR3 data for sources in the
observed fields, extrapolated to the reference epoch of the
JWST dataset (i.e., 2023.2).

Figure 2 shows the two CMDs based on our F150W2
and F322W2 photometry for the sources in the entire NIR-
Cam field of view (FoV). All local maxima are shown in
grey while sources selected with the applied KS2 quality
flags (such as rmsSKY, RADXS, q, and so forth,
see Anderson et al. 2008b) are marked in black (see the
Appendix for a description on the selections). The CMDs
extend over 12 magnitudes in brightness thanks to the
NIRCam frame zero sampling option.

3.1 Proper motions

Proper motions (PMs) between the JWST observa-
tions and earliest archival HST data were computed as

F I G U R E 2 The two CMDs of NGC 6397 possible with the
JWST NIRCam F150W2 and F322W2 filters. All local maxima
detected within the entire NIRCam field of view are shown as grey
dots, most being artifacts or background galaxies. Sources passing
all quality criteria are shown as black circles (see text). The dashed
regions indicate the on-set of saturation in the normal NIRCam
up-the-ramp sampling, but measured here through the use of the
frame zero option.

displacements between the two epochs divided by the tem-
poral baseline, approximately 18 yr. Displacements were
computed relative to the group of detected point sources
that moved the least, identified as the cluster members.
NGC 6397 stars have an internal dispersion of about
5 km s−1 (Vasiliev & Baumgardt 2021), which at its dis-
tance of ∼2.5 kpc corresponds to a PM dispersion of less
than 0.5 mas yr−1, or less than 10 mas in 18 years, about
one-third of a pixel. This value should be regarded as an
upper limit for the dispersion of this sample, as the out-
skirts of the cluster where our NIRCam field is placed have
a lower dispersion than the cluster overall. These internal
dispersion limits are considerably smaller than the ran-
dom PM uncertainties at the faint magnitudes of the bulk
of the WDs (much less than 0.5 mas yr−1 for the expected
internal motions, vs. ∼ 2 mas yr−1 for the observed ran-
dom errors). Figure 3 shows the vector-point diagram
(VPD) for the point sources with PM measurements. The
core of this plot has 1D-dispersions of ∼ 0.5 mas yr−1.
To balance exclusion of contaminating field stars with
inclusion of faint cluster stars with larger PM errors, we
set a cluster membership threshold of 𝜇 ≤ 2.5 mas yr−1

(or about 5 times the expected maximum internal PMs
dispersion).

For comparison, our VPD in Figure 3 highlights
the expected locations for extragalactic objects and the
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F I G U R E 3 Vector point diagram for sources that passed all
selection criteria based on KS2 diagnostics. The inner red circle
corresponds to motions within 2.5 mas/yr of the bulk of point
sources in the NIRCam field (defined as cluster members; see text).
We also indicate locations for the bulk of extragalactic sources and
the external portion of the Galactic Bulge (magenta circle). The
wider green circle encompasses nearby Galactic thin disk and thick
disk stars, as well as poorly measured members.

external part of the Galactic Bulge at a typical distance
of  ∼ 7.4 kpc.2 NGC 6397 is located about 25◦ from
the Galactic Center, at (𝓁; b) ≃ (−22◦; −12◦), and the
HST and JWST sight-line probes the external part of
the Galactic Bulge, resulting in a sizable component of
the observed field objects. Simulations such as those by
Libralato et al. (2018) show that the VPD maps a conti-
nuity of relative PM along the Galactic plane from extra-
galactic sources, to the external parts of the Galactic
Bulge to the (more broadly dispersed) Galactic thin-disk
and thick-disk, including the relatively nearby foreground
stars.

Finally, we note that in addition to separating field fore-
ground and background stars from cluster members, PMs
are a great diagnostic for removing artifacts and poorly
measured sources. Indeed, PMs are more effective than
relying on the RADXS diagnostic, which KS2 failed to
compute for a large fraction of the local maxima in our
NIRCam data (about 20%).

Figure 4 shows the CMD—focused on the WD
loci—for all unsaturated sources with measurable PMs
in the overlapping HST and JWST fields. We also show
the total PM 𝜇 =

√
𝜇

2
𝛼 cos 𝛿 + 𝜇

2
𝛿

as a function of magni-
tude mF150W2, highlighting our membership criterion of
𝜇 < 2.5 mas yr−1. The final proper-motion cleaned CMD

2
 = ◦ cos𝓁 cos b (2003); assuming◦ = 8.2 kpc (GRAVITY

Collaboration et al. 2019).

shows that the bulk of background sources (at mF150W2 −
mF322W2 ≈ 0.7) are removed, leaving the bottom of the
stellar MS and the WD CS.

3.2 Artificial star tests and sample
completeness

Artificial star tests (ASTs) are an important step in assess-
ing the reliability of point source photometry and sample
completeness. We generated 100,000 artificial stars within
the NIRCam FoV (∼70,000 of which were within the field
in common with ACS, see Figure 1), placing them at con-
sistent positions within each individual image using the
corresponding position-dependent PSFs for each camera
and filter combination. We assumed a uniform distribu-
tion in F322W2 magnitude. For the other three filters
(x=F606W, F814W, and F150W2), we determined corre-
sponding magnitudes based on the WD CS fiducial lines
for the corresponding CMDs (x–F322W2 vs. F150W2). We
then used the appropriate version of the KS2 software
used to find and measure real stars to find and measure
artificial stars in the HST/ACS/WFC and JWST/NIRCAM
images. We considered artificial stars “recovered” when
their measured positions and magnitudes were within
0.5 pixel and 1 magnitude of their assigned values,
respectively.

ASTs have several important uses for assessing the
fidelity and completeness of our sample.

First, they provided a fundamental correction, which
is used to remove the so-called “migration” effect, a sys-
tematic offset in magnitude when measuring the faintest
sources. These corrections are also called input/output
corrections, and are needed to bring the measured mag-
nitudes in line with the true values (see Bedin et al. 2009
for a more extensive description of these effects). We found
these corrections to be negligible (<0.1 mag) for the JWST
data down to the faintest magnitudes studied but reached
deviations as large as 0.5 mag in the HST images (cf.
Figures 2 and 3 in Bedin et al. 2009).

Second, artificial stars were used to estimate random
errors. Reliable error estimates are necessary to gener-
ate accurate simulated observations, which are in turn a
pre-requisite for accurate comparison between models and
observations (see Section 4.4 simulated CMD). Estimates
for photometric errors are computed, in half-magnitude
bins, from the dispersion of the measured values minus the
inserted values.

Third, artificial stars are used to define the selections
based on diagnostic quality parameters generated by KS2,
such asrmsSKY, RADXS, q and even the location of the
WDs on the CMD (details are given in the Appendix, but
more examples on selections are given in Bedin et al. 2008,
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F I G U R E 4 Proper-motion
cleaned sample of NGC 6397 cluster
members for those sources that fall
in both JWST NIRCam and HST
ACS/WFC fields of view (Figure 1).
The left panel shows the CMD of
unsaturated point sources in the
WD CS region with measured PMs,
and which passed all KS2 selection
criteria (grey dots, see text). The
middle panel shows total relative
PMs to the cluster median versus
F150W2 magnitude, with the ≤2.5
mas/yr threshold for cluster
members indicated as a vertical
dotted line. Members are encircled
in black. The right panel shows the
CMD for PM-selected members,
focusing on the WD CS region.

2023, 2009). Basically, we require that real stars to have the
same quality-parameters distribution, as the bulk of the
well-recovered artificial stars.

Fourth, artificial stars were used to assess “consistency
in position” between the HST and JWST epochs. While by
construction artificial stars have no position offset, at faint
magnitudes flux noise on top of the PSF shape can result
in spurious offsets. This test provides a lower limit on the
astrometric measurement errors (∼ 0.3 mas yr−1).

Finally, artificial stars are used to evaluate the frac-
tion of missed stars, and hence the completeness of WDs
recovered. Completeness curves also establish how faint
we can go before the reliability in sample selection is
compromised. Following Bedin et al. (2008, 2023) and
reference therein, we adopted as our faint limit the mag-
nitude at which completeness in “good regions” (cg) is
50%. Here, good regions are those in which sources can
be found above the local background, and excludes the
regions around the bright halos of saturated stars (cf. Bedin
et al. 2023). The completeness limit for the JWST data is
mF150W2 = 27.17 and mF322W2 = 26.88, both well below the
drop in the number of observed WDs.

4 THE WHITE DWARF COOLING
SEQUENCE OF NGC 6397

4.1 Color-magnitude diagram
and isochrones

In Figure 5, we show the two most informative CMDs for
the WD CS in NGC 6397, namely F150W2–F322W2 ver-
sus F150W2 and F814W–F150W2 versus F322W2. These

CMDs show only unsaturated stars that pass all the qual-
ity selection criteria including PM membership. Although
these CMDs are less complete, they contain the most reli-
ably characterized stars.

The F814W–F150W2 versus F322W2 CMD disentan-
gles two effects that cause the WD CS to turn blueward
at the faint end, as discussed in detail in Section 4.3.
The F150W2–F322W2 versus F150W2 CMD, on the other
hand, highlights an unexpected feature that seems to sug-
gest the presence of IR-excess in a subset of WDs, as
discussed in detail in Section 4.4.

We compare to these CMDs a representative 13 Gyr
DA WD isochrone calculated with the BaSTI-IAC
hydrogen-atmosphere WD cooling tracks (Salaris
et al. 2022), calculated with the Cassisi et al. (2007) elec-
tron conduction opacities (see Salaris et al. 2022, for a
discussion on this issue), the initial-final mass relation
by Cummings et al. (2018) and the progenitor lifetimes
from Pietrinferni et al. (2021) for an [𝛼∕Fe] = 0.4 metal
mixture and [Fe∕H] = −1.9, appropriate for the cluster
(see, e.g., Horta et al. 2020). We assumed a distance mod-
ulus (m −M)0 = 11.96 (2.47 kpc) based on Gaia EDR3
parallaxes (Baumgardt & Vasiliev 2021), E(B − V) = 0.18
(Gratton et al. 2003), AV = 3.1E(B − V), and extinc-
tion ratios A𝜆∕AV from Wang & Chen (2019) for the
JWST/NIRCAM filters and from Bedin et al. (2005b) for
the HST/ACS/WFC filters.

4.2 The WD luminosity function

The top panel of Figure 6 shows the differential luminos-
ity function (LF, thin line) for the observed WDs. The LF
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F I G U R E 5 The two most
informative CMDs for the WD CS
in NGC 6397, F150W2–F322W2
versus F150W2 (left), and
F814W–F150W2 versus F322W2
(right). The tail of the MS can be
seen in the upper right corner of the
F150W2–F322W2 versus F150W2
CMD. The red lines trace a 13-Gyr
DA-WD isochrone from Salaris
et al. (2022).

was determined by counting WD stars within bins of 0.1
magnitude over the interval mF150W2 between 23 and 28.
We only used unsaturated sources that passed all selec-
tion criteria (see the Appendix), with the exception of the
RADXS parameter. We did not make use of RADXS because
it was not provided by KS2 for a large fraction (∼20%)
of sources, therefore impacting the completeness of the
sample. Although this sample is slightly noisier photo-
metrically, it remains robust in terms of membership, and
is able to follow the LFs well below its peak, which is
a magnitude brighter than the cg = 50% limit, where the
completeness is considered reliable (Bedin et al. 2008).

The LF was then corrected for incompleteness using
the completeness curve derived from the ASTs, and Pois-
son uncertainties from the observed counts were propa-
gated using the completeness correction (thick line).

For a qualitative comparison with theory, we have
calculated theoretical LFs using the 13 Gyr isochrone
described above, calculating first a synthetic population in
the appropriate filters that take into account the photo-
metric errors. We proceeded as follows: Progenitor masses
were first drawn from a power-law mass function (MF)
dN∕dM ∝ M𝛼 , and the corresponding WD and its magni-
tude were determined by quadratic interpolation along the
WD isochrone. We then added the distance modulus and
extinction values to these magnitudes, and perturbed them
randomly using Gaussian photometric errors as inferred
from the ASTs.

To highlight the effect of the choice of the WD mass
distribution along the CS (that in the simulation is deter-
mined by the convolution of the progenitor MF, the
initial-final mass relation, and the WD cooling times) we
calculated LFs for 𝛼 = −2.35 (Salpeter, see Salpeter 1955)
and a top-heavy 𝛼 = −1.6.

F I G U R E 6 (Top:) The LF derived for the NGC 6397 WD CS.
The thin-line histogram shows the LF of the observed stars that
passed all selection criteria, while the thick-line histogram shows
the completeness-corrected LF with propagated Poisson error bars.
Shaded areas indicate magnitudes where completeness drops below
50% (light grey) and 25% (dark grey). (Bottom:) Comparison of the
observed WD CS LF to two theoretical LFs for an age of 13 Gyr, with
different assumptions about the WD progenitor mass function
(Salpeter in red, power-law exponent 𝛼 = −1.6 in blue). We neglect
dynamical evolutionary effects that alter the resulting WD mass
distribution. The shaded area on the left marks the magnitude
range used for the normalization of the theoretical LFs.

The comparison with the observed LF shows that the
chosen age is appropriate to match the faint end of the
observed CS, that the exact shape of the theoretical LF (but
not the magnitude of the faint cut-off) is obviously affected
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by the choice of the exponent of the progenitors’ MF, and
that even varying 𝛼, the exact shape of the observed LF
cannot be matched by theory.

The theoretical LFs display a pronounced dip in the
range 25.7 ≲ mF150W2 ≲ 26.4, irrespective of MF exponent,
that is not present in the observational counterpart. This
dip is caused by a flattening of the trend of increas-
ing progenitor mass with increasing magnitude, and it is
determined by the complex interplay between progeni-
tor lifetimes, initial-final mass relation, and WD cooling
times.

Clearly, the mass distribution along the observed CS
can be further modified by dynamical evolutionary effects
(e.g., selective mergers or ejection of low-mass progen-
itors or WDs) that are not accounted for in the simple
modeling described above. As several ad hoc modifications
could be considered to address the discrepancy between
the detailed shape of the observed LF with the theoretical
ones, we defer its analysis to a follow-up study.

4.3 CIA versus high masses WDs

In the “classic” HST/ACS/WFC CMD F606W–F814W ver-
sus F814W, which offers the most effective filter combina-
tion for HST surveys (as it optimizes both depth and field
coverage; e.g., Bedin et al. 2008, 2004, 2015, 2023, 2010;
Kalirai et al. 2012; Richer et al. 2006), there is a blueward
turn at the bottom of the WD isochrone that corresponds
to increasingly more massive, and therefore smaller radii,
WDs that originate from shorter-lived progenitors. This
population also comprises the LF peak observed in our
sample. However, this effect in the optical CMD is degen-
erate with another effect that also move the WD CS blue
ward. Indeed, depending on the cluster age, the blueward
turn is further enhanced by the onset of collision-induced
absorption (CIA) from molecular hydrogen in cool WD
atmospheres (Hansen 1998). The strong CIA bands reduce
the infrared flux and redistribute it to shorter wavelengths,
producing an enhancement of the blueward turn of the
CMD sequence with decreasing Teff and luminosity.

In the NIRCam filter F150W2, the CIA effect begins at
a higher Teff, when the isochrone coincides with the cool-
ing track of lower-mass WDs. The effect of CIA in this filter
is therefore clear and unambiguous, without overlap with
the blueward turn produced by higher-mass, hotter WDs,
which become significant only at fainter magnitudes. In
the JWST infrared bands, the WD isochrone displays a
blueward turn due to CIA H2 at mF322W2 ∼ 25 correspond-
ing to Teff ∼ 5000 K, down to∼26. Indeed, between 24.5 ≲
mF322W2 ≲ 25.5 the WD mass along the isochrone changes
by only𝛥 = 0.03M⊙ at an average mass of = 0.56M⊙;
that is, across this magnitude range there is less than a

5% difference in mass. The observed CS displays the same
turn to the blue in the same magnitude range predicted by
theory, showing that the current modeling of CIA H2 ade-
quately reproduces the trends in the observations, if not
the exact colors.

4.4 A possible red excess in WDs

The CMD F150W2–F322W2 versus F322W2 in Figure 5
shows hints of an unexpected feature. The lowest part of
the WD CS is considerably broader than expected given
the photometric errors. Keeping in mind that our errors
could be underestimated, and that models are far from rep-
resenting perfectly the location of the bottom of the WD
CS in these CMDs, in this section we speculate on the
possibility that the observed broadening is intrinsic and
not entirely due to photometric errors. Therefore, the dis-
tribution suggests two distinct groups of objects between
mF150W2 ∼ 25.5 and 27 separated at mF150W2 −mF322W2 ≈
0.5. Even more interestingly, while the blue component
seems to approximately follow the shape of the model
isochrone, the red component diverges to the red by up to
0.5 mag in color at the faintest magnitudes.

Given that this behavior is unexpected, we carried out
additional tests to verify this result. As a first step, we
checked whether the WDs at the bottom of the CS are
also separated in color from other CMDs. Figure 7 displays
nine CMD combinations using the four HST and JWST
filters, with the blue and red WDs in the JWST explicitly
red/blue color-coded. Generally, these two groups are not
separated in the CMDs constructed from combinations of
the HST filters and the JWST F150W2 filter. However, all
CMDs that include the JWST F322W2 filter do show a clear
separation between the two WD groups in color and/or
magnitude. Of particular interest are those CMDs with the
F322W2 magnitude on the vertical axis, where the red WD
group is on average ΔmF322W2 = 0.5 mag more luminous
than the blue WD group.

However, if the photometric errors in F322W2 are
underestimated the overall scatter might be explained just
by random color fluctuations (more below).

As a next verification step, we quantified the frac-
tion of WDs in each of these two groups, as illustrated
by Figure 8. We first fit fiducial lines to the blue and
red WDs, defined as sources with mF150W2 > 25 and with
(mF150W2 −mF322W2) smaller or larger than 0.5, respec-
tively. Each line was obtained by binning the data in 1 mag
bins in steps of ΔmF150W2 ∼ 0.2 mag each, and computing
the 3𝜎-clipped median value of the magnitude and color of
the stars within each bin. We then smoothed each fiducial
line with a cubic spline, and “rectified” the CMD, follow-
ing the methodology described in Libralato et al. (2019).
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F I G U R E 7 Nine CMD
combinations from the four HST
and JWST filters employed in this
study. These figures highlight the
red and blue WD populations
originally distinguished in the
F150W2–F322W2 versus F322W2
CMD (leftmost panel in the middle
row).

Briefly, we defined the quantity

Δ(mF150W2 −mF322W2)
= ((mF150W2 −mF322W2) − fiducialblue)∕
(fiducialred − fiducialblue),

(1)
where fiducialred∕blue correspond to the color of a star
at a given mF150W2 if placed along the red/blue fiducial
lines. Finally, we performed a double-Gaussian fit to the

distribution of sources across Δ(mF150W2 −mF322W2) (i.e.,
marginalizing over the mF150W2 magnitude) to obtain a ten-
tative estimate of the fraction of WDs in the two groups.
We again followed the methodology described in Libralato
et al. (2019) to remove the dependency on the bin width
and the starting point of the color histogram. We computed
this histogram 1 000 times, each time adding a random
Gaussian offset corresponding to the photometric error of
the star, and averaged these histograms to create our final
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F I G U R E 8 Illustration of
our procedure for estimating the
fraction of sources that correspond
to the two putative branches of the
lower part of the WD CS. The left
panel shows the F150W2–F322W2
versus F322W2 CMD with blue
and red lines tracing the fiducial
trends for objects with
(mF150W2 −mF322W2) less than or
greater than 0.5, respectively. The
two horizontal dashed lines delimit
the region where the two
populations are best-separated. The
center panel shows the “rectified”
CMD based on the quantity defined
in Equation (1). The right panel
shows a double-Gaussian fit to the
rectified CMD following Libralato
et al. (2019), with the blue and red
histograms corresponding to the
blue and red branches of the WD CS.

color distribution. From this fit, we estimate that the blue
group accounts for 74 ± 4% and the red group accounts for
26 ± 4% of the WDs at the bottom of the CS.

As an attempt to explain the observed excess of flux
in the F322W2 filter for a subsample of faint WDs, we
explored a simple model in which we assumed that the red
WDs are composed of WD+BD binaries. We constructed
two synthetic populations of binaries for this model:
WD+WD pairs assuming random-mass components, and
WD+BD pairs assuming a range of BD masses. We first
mapped a continuous distribution of single WDs with
varying magnitudes running parallel along the expected
WD CS based on the Salaris et al. (2022) isochrone. We
constructed WD+WD pairs from the isochrones assum-
ing random WD-mass for the two components. For the BD
companions, we extended the isochrones of Gerasimov
et al. (2024) computed for the case of NGC 104, into the
BD regime, and used these to calculate the CMD locations
of hypothetical WD+BD binaries over a BD mass range
of 0.046⊙ and 0.080⊙. The middle panel of Figure 9
shows how these WD+BD combinations produce a con-
tinuum of reddened sources reaching the MS track for the
most massive BD companions, which would dominate the
combined light of the system. Notably, at mF150W2 ≈ 25
a split emerges between the single WD track and the
WD+BD track for the lowest BD companion masses that
roughly aligns with the split between the blue and red
WD populations. Indeed, an ad-hoc model that shifts all
of our observed WDs to the WD CS isochrone, assumes a
5% WD binary fraction and a 25% WD+BD binary frac-
tion, with BD companion masses drawn from a uniform

distribution between 0.04⊙ and 0.06⊙, closely
resembles the observed dual tracks of blue (single) and
red (binary) WDs. Note that the simulated single WD
sequence (in magenta) in the right-hand panel of Figure 9,
is not able to reproduce the breadth of the observed faint
end of the WD CS, regardless of the exact location on the
simulated WD CS in the CMDs.

While this simple model reproduces the observed WD
red excesses, the high WD+BD binary fraction required
greatly exceeds the rate of BD companions to WDs detected
in the local Galactic disk, which is reported to be ≲0.5%
(Farihi et al. 2005; Rebassa-Mansergas et al. 2019; Steele
et al. 2011). The multiplicity of demographics of WDs in
NGC 6397 would have to be substantially different from
the local disk for our toy model to explain the observed
excess. An alternative hypothesis would be the presence of
dusty material around these WDs, in the form of tidally dis-
rupted debris disks (Chary et al. 1999; Reach et al. 2005).
However, the cooler temperatures of the evolved WDs at
the end of the CS (T < 5000 K) would likely result in a
disk too cold to be detectable. Reddening could also arise
from residual dust from the post-asymptotic giant branch
(post-AGB) phase, although these would have likely since
long dissipated for the massive WDs at the end of the CMD,
and moreover only about 3% of local WDs show evidence
of IR excess attributable to dust (Barber et al. 2014).

Interestingly, the high-precision multi-band HST pho-
tometry by Milone et al. (2012a) has revealed that the MS
of NGC 6397 splits into two components, a “primordial”
population with chemical abundance ratios similar to the
Galactic disk comprising ∼30% of stars, and a “second
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F I G U R E 9 A toy model of the WD CS of NGC 6397
assuming a 25% fraction of WD+BDs binaries and 5% fraction of
WD+WD binaries. The left panel shows the observed CMD in the
WD regime (cf. Figure 4). The middle panel overplots isochrones for
WDs and MSs (the latter based on Gerasimov et al. 2024), and the
equal-mass loci of WD+WD and MS+MS binaries (black dashed
lines). The shaded regions show the binary trend lines for WD+BD
binaries as a function of BD mass, ranging from 0.046 ⊙ to
0.080 ⊙ (color bar). The right panel shows a simulated
population of single (magenta circles) and binary WDs assuming a
5% fraction of WD+WD binaries (light blue circles) and a 25%
fraction of WD+BD binaries with BD masses drawn between
0.04 ⊙ and 0.06 ⊙ (dark blue circles).

generation” of stars with enhanced He, Na and N and
depleted C and O comprising ∼70% of stars. It is tempting
to associate the two putative WD populations identified
in this study with two MS populations previously detected
in NGC 6397, with the red WD group associated with
the primordial population and the blue WD group asso-
ciated with the second-generation population. However,
this is a speculative claim as there is insufficient data and
modelling to explore the correlation between these two
populations.

Other scenarios can also be explored. Indeed, in our
isochrone analysis, we did not account for populations
of He-dominated atmosphere WDs, or low-mass He-core
objects. However, both possibilities do not appear viable,
as discussed below.

Figure 10 compares in two different CMDs the cluster
CS and representative 0.5M⊙ WD tracks with atmospheres
of pure He, pure H and mixed H/He (with log H∕He = −2,
where H and He denote number fractions) respectively,
from Caron et al. (2023) calculations.

In the F150W2–F322W2 versus F322W2 CMD, which
shows the population of WDs with red excess (see also
Figure 7), the tracks with helium-dominated atmospheres
are bluer than hydrogen-atmosphere ones, not redder. We
can hypothesize that due to uncertainties in the Ly𝛼 wing
opacity, the H− opacity, or the CIA opacity, or a mix of

F I G U R E 10 Two different CMDs of the cluster cooling
sequence (CS), compared to representative 0.5 M⊙ WD tracks with
pure He, pure H and mixed H/He compositions (see text for
details). The observed CS has been displayed as absolute
magnitudes versus dereddened colors using the labelled distance
modulus and extinctions.

those (see Caron et al. 2023) the H-atmosphere models
and isochrones are actually redder than our adopted cal-
culations, and can match the redder branch of the CS in
this CMD, whilst models with He-dominated atmospheres
match the bluer bulk of the cluster WDs.

However, this explanation appears in disagreement
with the second CMD in Figure 10, where no red excess
objects appear (see also Figure 7). In this CMD models
with He-dominated atmospheres are again well separated
in colour from the H atmosphere counterpart, at odds with
the data.

In the case of He-core WDs, due to their lower mass
(hence larger radii) compared to the CO-core counterparts,
they would appear redder than the main CS, potentially
explaining the red excess objects in the F150W2–F322W2
versus F322W2 CMD. However, larger radius He-core
WDs are redder than CO-core WDs also in the other
CMDs shown in Figure 7, again in disagreement with
observations.

To find a definitive explanation for the red excesses
observed in the WD CS of NGC 6397 will likely require
both further observational follow-up, particularly
with longer wavelength filters, to assess the spectral
characteristics of the observed excess, and further the-
oretical explorations to identify testable observational
predictions.
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5 CONCLUSIONS

We have presented the first high-precision, multi-filter
photometry and astrometry of the GC NGC 6397 extending
to the near-infrared bands through deep JWST/NIRCAM
imaging. Our dataset provides a comprehensive view of the
entire WD population of the cluster. Our main findings are
as follows:

• Our JWST/NIRCAM F150W2 and F322W2 photometry
encompasses a roughly 10 arcmin2 FoV about 6 arcmin
from the NGC 6397 cluster core, and reaches magni-
tudes of mF150W2 = 27.17 and mF322W2 = 26.88 on the
Vega magnitude scale, well below the apparent termi-
nation of the WD CS.

• Taking advantage of the ultradeep HST/ACS/WFC opti-
cal imaging obtained ∼18 yr prior to the JWST obser-
vations, we have been able to make an accurate PM
selection of NGC 6397 cluster members to a relative
precision of 0.3 mas yr−1, excluding with high confi-
dence background sources from the extended Bulge and
outside the Milky Way.

• Our data reveal the entirety of the WD CS, which aligns
well with DA WD cooling models. In particular, the
infrared data allow us to separate two color trends at
the faint end of the CS that are intermingled in opti-
cal CMD: the onset of CIA H2 absorption in low-mass,
low-temperature WDs, which shifts the isochrone to
blue in mF814W −mF150W2 colors; the contribution of
massive WDs at the lowest luminosities along the CS.

• We have determined the WD infrared LF corrected
for the sample completeness. The magnitude of the
observed faint cut-off is matched by theoretical LFs for
an age of 13 Gyr. The exact shape of the observed LF
is not reproduced by theoretical LFs calculated with
power-law progenitor MFs. An accurate match of the
whole observed LF very likely requires to take into
account dynamical evolutionary effects that affect the
WD mass distribution in the observed field.

• We find hints of a distinct population of WDs show-
ing excess flux in F322W, comprising roughly 25%
of sources mF150W2 > 25.5. While this putative fea-
ture deserves further confirmation, this excess is lim-
ited to F322W2, and broadens toward fainter mag-
nitudes. We attempted several explanations and sce-
narios for this excess, including a large population
of WD+BD binaries, reddening from circumstellar
debris disks or post-AGB material, contributions from
helium-dominated atmosphere and helium-core WDs,
and a potential tie to the two populations present in the
stellar Main Sequence of NGC 6397. We have not found
any clear explanation for this excess.

This study provides our first deep view of the NGC 6397
system at infrared wavelengths, and subsequent studies
will take advantage of this data to probe the MS popula-
tion into the substellar regime, field populations around
the cluster, and cluster kinematics. Future JWST epochs
will allow us to extend proper-motion membership to
fainter objects and well into the BD sequence. Extend-
ing these observations to other long-wavelength NIRCam
filters (F277W, F356W, F444W) and possibly MIRI at
10 𝜇m (F1000W) will allow us to confirm and—in this
case—spectroscopically characterize the infrared excess
detected around a significant fraction of NGC 6397 WDs,
disentangling for instance sub-stellar companions from
dust emission (Reach et al. 2005; Swan et al. 2023).

In addition, further theoretical investigation would
be needed to better explore the nature of the appar-
ent observed red excess as well as the evolution of the
cluster MS. To this aim, we provide our reduced data,
high-accuracy photometric catalogue for members, and
atlases in multiple filters as part of this article’s Supple-
mentary Online Material in Data S1.3
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APPENDIX . SELECTION PROCEDURES AND
COMPLETENESS

Figure A1 illustrates the selection procedures on the
initial local maxima detected by KS2 in both F150W2 and
F322W2 JWST/NIRCAM images, a total of 43,040 sources.
To incorporate the widest temporal range, we only selected
sources that fell in the common area between the JWST
and HST data sets, a total of 23737 sources. We further
narrowed our sample down to those sources for which the
S/N would allow detection above the local sky background,
the latter determined from the logRMSsky quantity that
measures the local sky noise at a given location (see Bedin
et al. 2008, 2009). This criterion reduced the number of
bona-fide sources to 6171; it also removed the vast major-
ity of the extended sources. We then conservatively defined
by eye a region on the CMD that is expected to contain
cluster WDs, indicated by the green lines in Figure A1.
Then, instead of using RADXS to select the best-measured
stars, we used PM membership as defined in Section 3.1
to isolate cluster members, leaving 459 sources. Finally, a

F I G U R E A1 A summary
of the selection process that goes
from reducing all local maxima, to
a sample of WD with which the WD
LF and its completeness correction
are computed. Panels in the top
row, show from left to right the
selection progression for real stars,
while the row of panels below the
one for artificial stars. In this figure,
no selection was made on RADXS.
Green lines delimit the CMD
regions within which member
sources are assumed to be WDs. In
magenta the input magnitudes for
ASTs (see text).

generous selection on the PSF quality-of-fit parameter q
(see Anderson et al. 2008a) removed two sources, resulting
in 457 robust WD cluster members. This is the sample used
in our analysis of the WD Luminosity Function.

When comparing the theoretical isochrones to the
observed CMDs, we performed a second, tighter selection,
retaining only the best-measured stars. In this case, we
imposed a selection on the stellarity parameter RADXS
(Bedin et al. 2009) with the result shown in Figure A2.

Since this parameter cannot be computed for about
20% of the faintest sources detected by KS2, it signifi-
cantly reduces completeness and thus compromises the
statistical robustness of the WD CS LF computation. How-
ever, for our CMD analysis, a clean CMD was consid-
ered more important than completeness at the faintest
magnitudes. The completeness for the two cases is illus-
trated in Figure A3. Finally, we release both samples of
WDs stars, with (457 objects) and without (245 objects)
the RADXS selections. We also release at our url3 the
astrometrized three-color atlases of studied JWST and 3ST
(Figures A4 and A5).
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F I G U R E A2 Same as for
Figure A1, but with a selection on
RADXS.

F I G U R E A3 (Top panels:)
The histogram of the counts for: the
added stars (black), for the
recovered stars on suitable “good”
region (blue) and for those among
those that also passed the PMs
membership (magenta). (Bottom
panels:) The completeness curves:
the overall completeness c (black),
the completeness on the “good”
region (blue), and the one for
sources that also passed the PMs
membership criterion cg (magenta).
Dotted horizontal lines mark the
25% and 50%-level of cg, while the
vertical lines and the labels give the
values. (Left panels): without
selections on RADXS. (Right
panels): with selections on RADXS.
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F I G U R E A4 Three-color
image stacked images of the JWST
data-set collected in 2023 (red =
F322W2, blue = F150W2, and for
green a 1:3 weighted average of the
two). This atlas is available as part
of this work. A zoom-in of the
region indicated in magenta-at the
SW-pixel resolution-is available as
Supplementary Online Material.

F I G U R E A5 Three-color
image stacked images of the HST
data-set collected in 2005
(red=F814W, blue=F606W, and
for green a 1:3 weighted average of
the two). This atlas is available as
part of this work. A zoom-in of the
region indicated in magenta—at the
SW-pixel resolution—is available as
Supplementary Online Material.
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