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Abstract

Multiple stellar populations (MPs) in most star clusters older than 2 Gyr, as seen by lots of spectroscopic and
photometric studies, have led to a significant challenge to the traditional view of star formation. In this field, space-
based instruments, in particular the Hubble Space Telescope (HST), have made a breakthrough as they
significantly improved the efficiency of detecting MPs in crowded stellar fields by images. The China Space
Station Telescope (CSST) and the HST are sensitive to a similar wavelength interval, but the CSST covers a field
of view which is about 5-8 times wider than that of HST. One of its instruments, the Multi-Channel Imager (MCI),
will have multiple filters covering a wide wavelength range from NUV to NIR, making the CSST a potentially
powerful tool for studying MPs in clusters. In this work, we evaluate the efficiency of the designed filters for the
MCI/CSST in revealing MPs in different color-magnitude diagrams (CMDs). We find that CMDs made with
MCI/CSST photometry in appropriate UV filters are powerful tools to disentangle stellar populations with
different abundances of He, C, N, O and Mg. On the contrary, the traditional CMDs are blind to multiple
populations in globular clusters (GCs). We show that CSST has the potential of being the spearhead instrument for

investigating MPs in GCs in the next decades.
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1. Introduction

Several decades ago, star clusters were thought of as simple-
stellar populations (SSPs), i.e., a sample of stars with different
masses that are identical in age and metallicity. The traditional
star formation picture concludes that all stars formed in
clustered environments should inherit the same chemical
composition of their parental molecular cloud, and thus are
chemically homogeneous, and are coeval because the strong
initial stellar feedback makes the star formation mode a burst
(e.g., Calura et al. 2015). This view has been discarded because
of the detection of star-to-star chemical variations in almost all
globular clusters (GCs) (see the review of Gratton et al. 2019),
known as multiple stellar populations (MPs) .

Significant chemical variations in star clusters can be detected
among many light elements. Some of the most common elements

include He, C, N, O, Na, Mg and Al. Extensive studies have shown
that GCs contain more than one stellar population at different
evolutionary stages: main sequence (MS, Piotto et al. 2007; Milone
et al. 2019), red-giant branch (RGB, Carretta et al. 2003;
Mucciarelli et al. 2015; Milone et al. 2017; Latour et al. 2019;
Milone et al. 2020a), horizontal branch (HB, Gratton et al. 2011)
and asymptotic giant branch (AGB, Wang et al. 2016; Marino et al.
2017). The MP phenomenon is likely a global feature for stars at
different stages, starting from the MS to evolved giants (e.g., 47
Tuc, NGC 1851, Milone et al. 2012; Cummings et al. 2014;
Gruyters et al. 2017; Yong et al. 2015). In this article, we do not
discuss iron-complex clusters (Type II GCs, e.g., Marino et al.
2015, 2019, 2021). These clusters comprise the most massive GCs
in the Galaxy (e.g., w Cen, Johnson & Pilachowski 2010). Their
origins may differ from most mono-metallic GCs, such as a tidally
disrupted dwarf galaxy.
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The elemental abundance variations are correlated with each
other. Observations show that for clusters with MPs, the total
abundance of C, N and O usually remains unchanged, 6
[(C + N+ O)/Fe] ~ 0 (Cohen & Meléndez 2005; Marino et al.
2016). Since most GCs have constant overall CNO abundance,
an increase in nitrogen corresponds to depletion in carbon and
oxygen. Moreover, in many metal-poor GCs with MPs, sodium
anti-correlates with oxygen (e.g., Carretta et al. 2006, 2009a,
2009b). The abundances of magnesium and aluminum are anti-
correlated as well, but this pattern disappears in metal-rich GCs
(or is very weak, Pancino et al. 2017).

The MP phenomenon is very common in old GCs, and it
exhibits links to global parameters. A lot of comprehensive
analyses have shown that the cluster’s total mass is a key
parameter which controls some properties of MPs (e.g., the
fraction of second generation stars and the internal helium and
nitrogen variations, Milone et al. 2017, 2018). Indeed, many
scenarios proposed to account for the origin of MPs strongly
indicate the importance of cluster total masses. In these
scenarios, the polluters include intermediate-age AGB stars
(D’Ercole et al. 2010), fast-rotating massive dwarfs (Decressin
et al. 2007), massive interacting binaries (de Mink et al. 2009)
and single supermassive MS stars (Denissenkov & Hartwick
2014). Studies of clusters in the Magellanic clouds indicate that
some clusters older than ~2 Gyr have a hint of MPs, while
their younger counterparts do not (Martocchia et al. 2018;
Milone et al. 2020a). This has led to a hypothesis that cluster
age determines the occurrence of MPs, perhaps linked to
some non-standard stellar evolutionary processes (Bastian &
Lardo 2018, however, see Li et al. 2020; Li 2021). However, so
far only a few young massive clusters (YMCs) (younger than
~6 Gyr) have been scrutinized in terms of their stellar
populations (Gratton et al. 2019, their Figure 7). It remains
unclear if the phenomenon of MPs is a common pattern for
YMCs, which may represent the infant stage of GCs we see
today.

Both spectroscopic and photometric studies provide comple-
mentary information for understanding the MPs. Spectroscopic
studies have provided many details about the chemical properties
of stellar populations. Mostly, this method is sensitive to the
brightest stars. Ultraviolet (UV)-optical-based photometry is a
high efficiency method that overcomes the effect of crowding of
clusters, allowing us to examine millions of stars at different
evolutionary stages and positions, even in the densest regions of
clusters. This is important because to fully understand the origin
of MPs, a large sample of clusters covering an extensive
parameter space is required. An example of photometric studies
of MPs is the breakthrough made by the Hubble Space
Telescope (HST). The high spatial resolution of the HST allows
deep observations into clusters’ core region, resulting in clean
color-magnitude diagrams (CMDs) with subtle features. Actu-
ally, the effect of the He variation in GCs is detected through
photometry rather than spectroscopy (see Piotto et al. 2007;
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Bellini et al. 2010 for early helium determination in w Cen and
NGC 2808 respectively) because the helium line associated with
photospheric transitions can be detected only in stars hotter than
8,500 K. Moreover, the abundances inferred from HB stars
hotter than ~11,500 K are not representative of the stellar
helium content. As a consequence, helium abundance can be
only estimated in HB stars that span a small temperature
interval'* (e.g., Marino et al. 2014).

Because He enrichment will reduce the stellar atmospheric
opacity and increase the interior mean molecular weight, stars
with different He abundances will have different surface
temperatures and nuclear burning rates in each stage, thus
complicating the CMD (e.g., Piotto et al. 2007; Milone 2015).
For other light elements, such as C, N and O, their variations
can be seen in filters encompassing wavelengths shorter than
~4000 A in late-type stars. Late-type stars with the same
global parameters (T, log g, [Fe/H]), but which are different
in CNO abundances, will have their spectral energy distribu-
tion (SED) almost identical in optical passband but different
in the UV (e.g., Milone et al. 2015a, 2015b). Because most
CNO-related features are distributed in the wavelength range
of UV to blue: for example, most O-absorptions dominate the
range of A\ <3000 A, the NH-, CN- and CH-absorptions are
centered at A\ =3370 A, 3883 A and 4300 A, respectively. In
addition, the Mg Il doublet centered at 2795 /2805 A is one of
the most important UV-absorption features, which can be
detected by corresponding UV-passbands (e.g., Milone et al.
2020b). We recommend Milone (2020) as a nice summary.
Indeed, as affirmed by the HST UV Legacy Survey of
Galactic Globular Clusters, almost all Galactic GCs contain
MPs (Piotto et al. 2015; Milone et al. 2017), undoubtedly
indicating that UV-optical telescopes are powerful tools for
studying MPs.

The China Space Station Telescope (CSST) is a two-meter
UV-optical space telescope, co-orbiting with the China
Manned Space Station, which will be launched around
~2024. The Multi-Channel Imager (MCI), a three-channel
simultaneous imaging covering a wavelength range of 0.255-1
pm, is one of the five instruments on board the CSST. The MCI
has a spatial resolution similar to the HST (0”18 at 633 nm). Its
field of view (FoV) is 7/5 x 7!5, about 500% of the ACS/
WEFC@HST (202" x 202") and 770% of the UVIS/WFC3@
HST (162" x 162"), which thus covers larger fields of star
clusters than the HST. It will be equipped with a 9k x 9k CCD,
and 30 filters with different bandwidths (10 per channel).
Overall, CSST is an HST-like next generation space telescope
with similar wavelength coverage and spatial resolution and a
larger FoV. For details about the CSST, we refer to the review
of Zhan (2021).

4 The He I 10830 A absorption line can be used for He abundance
determination, but it requires expensive high-resolution spectra in the infrared
passband.
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Table 1
MCI/CSST Filter Parameters (Ranked by Increasing Mean Wavelength)
Filter Name A FWHM ALso AR50 Tany 50 Tangsg T50
(nm) (nm) (nm) (nm)
Channel 1 (UV)
CSST-f275w 2725 45.0 250.0 £2.5 295.0+ 2.5 0.05 0.05 60%
CSST-f280n 279.6 4.1 2775+ 04 281.6 £0.4 0.02 0.02 25%
CSST-NUV 286.5 69.1 2519 £2.5 321.0+25 0.05 0.02 65%
CSST-f336w 337.1 54.0 310.1 £3.0 364.1 £ 3.0 0.03 0.03 80%
CSST-U’ 340.0 170.0 255.0£3.0 425.0+3.0 0.08 0.05 80%
CSST-f343n 344.5 28.9 330.0 £ 2.0 3589420 0.02 0.02 75%
CSST-u 361.2 80.4 321.0£25 4014 +25 0.02 0.02 80%
CSST-f373n 373.0 4.9 370.5+0.5 3754 +£0.5 0.01 0.01 75%
CSST-f395n 395.5 8.4 3913+ 0.5 399.7+ 0.5 0.01 0.01 85%
Channel 2 (visible)
CSST-f467m 468.4 21.5 457.6 £3.0 479.1 £3.0 0.01 0.01 90%
CSST-f487n 487.2 6.0 4842405 4902+ 0.5 0.01 0.01 80%
CSST-502n 501.0 6.6 4977+ 0.5 5043 +£ 0.5 0.01 0.01 80%
CSST-f555w 526.7 159.1 447.1 £3.0 606.2 + 3.5 0.02 0.02 90%
CSST-G 565.0 260.0 4350+ 3.0 695.0 £ 4.0 0.02 0.02 90%
CSST-fe06w 594.7 229.1 480.1 £3.0 709.2 £ 4.0 0.02 0.02 90%
CSST-r 619.5 1453 546.8 £ 3.0 692.1 +£3.5 0.02 0.02 90%
CSST-f656n 656.2 1.7 6553 +0.2 657.0+0.2 0.01 0.01 80%
CSST-f658n 658.6 2.7 6572 £ 0.5 659.9 +£ 0.5 0.01 0.01 80%
CSST-f673n 676.6 11.9 670.6 + 1.0 682.5+ 1.0 0.01 0.01 85%
Channel 3 (visible-NIR)
CSST-f815n 815.0 20.0 805.2 £ 2.0 8252 +2.0 0.01 0.01 90%
CSST-f814w 833.8 253.1 707.2 £ 4.0 960.3 + 4.0 0.02 0.02 92%
CSST-f845m 847.2 88.0 803.2 +£4.0 891.2 +£4.0 0.02 0.02 92%
CSST-R’ 852.5 295.0 705.0 £ 5.0 1000.0 0.02 92%
CSST-z 921.2 175.6 824.4 +£4.0 1000.0 0.02 92%
CSST-f925n 925.0 30.0 910.0 +£2.0 940.0 +£ 2.0 0.01 0.01 90%
CSST-f850lIp 927.6 144.8 855.2+4.0 1000.0 0.01 92%
CSST-y 963.4 72.4 926.7 £5.0 1000.0 0.02 92%
CSST-f960m 960.0 60.0 930.0 + 4.0 990.0 + 4.0 0.01 0.01 92%
CSST-f968n 968.0 20.0 958.0 £ 2.0 978.0 £ 2.0 0.01 0.01 90%

It is, therefore, essential to study the effect of MPs in the
MCI/CSST photometric system. This work aims to find the
most suitable filters which can maximize the color separation
between MPs in CMDs. The article is organized as follows: in
Section 2, we introduce the details of our method. We show our
main results in Section 3. A brief discussion of our results is
presented in Section 4.

2. Bolometric Corrections for Multiple Stellar
Populations

The current designation of the MCI/CSST photometric
system includes 15 wide passbands (full width at half
maximum (FWHM)/\. > 15%, where A, is the mean
wavelength of the passband), 3 medium passbands (5% <
FWHM/ . < 10%) and 12 narrow passbands (FWHM/ )\, <
3%, except for the CSST-f343n filter, which follows the

definition of the HST/WFC3-F343N). There are two dichroic
filters in the light path of MCI, which divide the wavelength
range of MCI into three channels at 255 nm—430 nm, 430 nm—
700 nm, and 700 nm-1000 nm. These dichroic filters prevent
the use of filters such as g and i bands. In Table 1 we
summarize some basic information on the adopted filters,
including (1) their mean wavelengths, A.; (2) the FWHM; (3)
the corresponding wavelengths of 50% of the maximum
transmission curve (left: \; so, right: Agso); (4) the steepness of
the transmission curve, described by Tan, = A\, /\,, where x
is L50/R50 and A\, is the wavelength difference between 0%
and 100% maximum transmission, and (5) the average
transmission efficiency within FWHM, T50. The transmission
curves for MCI/CSST filters are presented in Figure 1 (wide
passbands) and Figure 2 (narrow and medium passbands). We
do not show the transmission curve for the CSST-WU
passband because it is being redesigned.
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Figure 1. The total transmission curves for MCI/CSST wide filter bands, with detector quantum efficiency being considered.
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To evaluate the effect of MPs on the MCI/CSST photometric
system, we need to select a given chemical pattern to simulate its
effect on photometry. In this work, we studied two cases, an NGC
2808-like MP and a less extreme case with chemical variations half
those of NGC 2808. We study these two cases because NGC 2808
represents a quintessential (extreme) example of a mono-metallic
GC that exhibits variations in almost all light elements (Piotto et al.
2007; Gratton et al. 2011; Mucciarelli et al. 2015; Wang et al.
2016; Latour et al. 2019). The half-NGC 2808 chemical pattern
can represent many less massive GCs with MPs (see, Milone et al.
2018). We utilized the Dartmouth Stellar Evolution Database
(Dartmouth model) to generate isochrones with different He
abundances (Dotter et al. 2008). We define two stellar populations
described by two isochrones to represent an NGC 2808-like MP.
The Dartmouth model allows us to interpolate any isochrone with
parameters within —2.5 < [Fe/H] < 40.5 dex, initial He abun-
dances from Y =0.245 to 0.40, and ages from 1 Gyr to 15 Gyr. It
is a suitable stellar model to describe an NGC 2808-like GC with
an extreme helium enrichment. Based on the literature of Piotto
et al. (2007), we adopt the age and metallicity of our two
populations, both # = 12 Gyr and [Fe/H] = —1.0 dex, respectively.
They are different in He abundance, with Y=0.25 for one
population and Y =0.40 for the other (hereafter 1P and 2P). The
[a/Fe] is 0.0 dex as we confirm that it has a negligible effect on
the derived isochrones.

The derived isochrones contain a series of physical
parameters, including stellar masses (M/M..), effective surface
temperatures (log Ti¢r), surface gravity (log g) and luminosities
(log L/L). These parameters, along with the adopted metalli-
city ([Fe/H]), are used for calculating the bolometric correc-
tions through the PARSEC database of bolometric correction
(The YBC database, Chen et al. 2019). The YBC database
provides absolute magnitudes in the CSST filter set (we obtain
the specific MCI/CSST magnitudes through private commu-
nication with Dr. Chen Yang).

We relied on the package SPECTRUM (version 2.77) to
calculate isochrones with specific elemental abundances, and thus
loci for stellar populations. Given a stellar atmosphere model and
certain inputs, SPECTRUM calculates a synthetic stellar spectrum
with input parameters. SPECTRUM can calculate reliable synthetic
B- to mid-M-type stellar spectra. The synthetic spectra are
calculated under the silent & isotope & ATLAS modes. The input
line lists are obtained from the main page of the SPECTRUM
package,'> which includes more than 1.6 x 10® absorption lines
covering a wavelength range of 900 A—40000 A. The input
atmosphere models were computed with the ATLAS9 model
atmosphere program written by Kurucz (1993)'® with parameters
([Fe/H], logg, T.g) from the base isochrone.

We calculate synthetic spectra with different elemental
abundances for 1P and 2P stars. Under the adoption of [Fe/

15 http:/ /www.appstate.edu/~grayro/spectrum/ftp /download.html
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H] = —1.0 dex and assuming that the total abundance of CNO
remains unchanged, we set all 2P stars to have 6[N/Fe] =
+1.0 dex, and §[O/Fe] = §[C/Fe] = —0.5 dex. Spectroscopic
studies show that NGC 2808 has an Na—O anti-correlation for
its member stars (Carretta et al. 2009a). We adopt §[Na/
Fe] = +0.5 dex through visual inspection (Figure 7 of Carretta
et al. 2009a), corresponding to a 0.5 dex depletion of the O
abundance. According to Pancino et al. (2017), NGC 2808 also
exhibits Mg—Al anti-correlation, and we set a O6[Mg/
Fe] = —0.5 dex and 6[Al/Fe] =+1.0 dex for 2P stars in our
model. We will examine the effects of an NGC 2808-like MP
both with/without Y variation (hereafter Case 1 and Case 2
respectively), and a less extreme case with all element
variations being half that of NGC 2808 (no Y variation, Case
3). We also test other effects of individual element variation,
including (1) the Y variation, (2) the CNO variation, (3) the Na
variation, (4) the Mg variation and (5) the Al variation, as well.
In these cases, we (not-so-)arbitrarily assume reasonable
variations based on literatures (Piotto et al. 2007; Carretta
et al. 2009a; Pancino et al. 2017). We summarize these adopted
models in Table 2. The isochrones for chemically enriched
stellar populations, and thus 2P loci, are calculated as follows,

I A8
M= —25log """ 4 M, ()

)\2 0
S A S

where M; is the expected absolute magnitude for a chemically
enriched star observed through the filter band i (see Table 1),
and M,  is the corresponding absolute magnitude for the
counterpart with normal chemical abundance. f) and f/{) are
their radiative fluxes (at 10 pc) we received at the central
wavelength of )\, which are calculated through SPECTRUM. S ;
is the transmission curve of a specific filter band i. The
quantities A; and ), indicate the lower and upper wavelength
limits respectively. According to the wavelength range of the
CSST, we set them as 2500 A and 10,000 10\, respectively.

Finally, we will compare the loci of the 1P (described by the
standard isochrone) with that of the 2P. To quantify their
performances at separating two populations, we will calculate
their color differences referring to the filter CSST-f814w,
M; — Mig14w, for a referenced RGB star (below the RGB bump)
with Mysss,, = 2.0 mag and a bottom MS star with Mysss,, = 8.0
mag. The selection of these two stages is arbitrary, which
corresponds to a Kl-type giant and a K4-type dwarf. We
confirm that they are sufficiently cool to exhibit prominent
absorption features of CNO-related molecules. In this work, a
positive color difference means the chemically enriched
population of stars (defined in Table 2) is bluer than normal
stars.
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Figure 3. The effect of helium variation in the CMD. Left panel: the CMD in Mgsssy, — Mig14w VS. Misss,, for 1P (black solid line) and 2P (He-rich, red dashed line).
Grey dotted lines signify the RGB and MS stages at Mysssy, = 2.0 and 8.0 mag. The same loci for 1P and 2P under the UVIS/WFC3 HST photometric system are also
present (gray solid and dashed lines). Two example RGB stars are highlighted by black (He-normal) and red (He-rich) circles. They are at the same stage indicated by
the DSEP model. The upper-right panel exhibits their synthesis spectra (black: helium-normal; red: helium-rich). The bottom-right panel features the spectrum of their

magnitude difference.

Table 2
Adopted Models with Different Abundance Variations for 2P Stars

Model Name oY 8[C/Fe] 8[N/Fe] 8[0/Fe] 6[Na/Fe] 6[Mg/Fe] 8[Al/Fe]

(dex) (dex) (dex) (dex) (dex) (dex)
He variation 0.15 0.0 0.0 0.0 0.0 0.0 0.0
CNO variation 0.0 —0.5 +1.0 —0.5 0.0 0.0 0.0
Na variation 0.0 0.0 0.0 0.0 +0.5 0.0 0.0
Mg variation 0.0 0.0 0.0 0.0 0.0 +0.5 0.0
Al variation 0.0 0.0 0.0 0.0 0.0 0.0 +0.5
Case 1 0.0 —0.5 +1.0 —0.5 +0.5 —0.5 +1.0
Case 2 0.15 —0.5 +1.0 —0.5 +0.5 —0.5 +1.0
Case 3 0.0 —0.18 +0.7 —0.18 +0.2 —0.2 +0.7

3. Color-Magnitude Diagrams

In this section we present our main results, which include
CMDs of 1P and 2P loci with different chemical patterns
(Table 2).

3.1. Helium Variation

Helium is the direct product of H-burning. Polluted stars
with chemical anomalies must be He-enriched. As introduced,
member stars of GCs are too cold to produce He absorptions at
UV-optical passbands. For old stellar populations like GCs, the
effect of He enrichment is evolutionary. The effect of helium is
reflected by the value of the average molecular weight, y, and
the opacity, xo. Because the helium opacity is lower than the

hydrogen opacity, an increase of the helium abundance at
constant metallicity will increase p and decrease x(, making the
stellar evolutionary track have higher luminosity (L) and
effective temperature (7.g). In addition, the increased L will
make stars burn their central hydrogen faster than He-normal
stars. As a result, the He-enriched population will always
exhibit a lower main-sequence turnoff (MSTO) because it
evolves more rapidly than its coeval He-normal stellar
population.

In Figure 3 we display the isochrones for the 1P (He-normal,
Y=10.25) and 2P (Y = 0.40) stars (left panel). In the upper-right
panel we show two giant spectra with different He abundances
at the same evolutionary stages, as indicated by the black (He-
normal) and red (He-rich) circles in the left panel. In the
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Table 3
Color Differences of M; — Mig,4,, (i Indicates Different Filter Bands, see Table 1) between 1P and 2P (for Different Chemical Variations [var.], see Table 2), for the
Referenced RGB Stage

Li et al.

Color Difference (mag) He var. CNO var. Na var. Mg var. Al var. Case 1 Case 2
AMip75w — Mig1aw) 0.378" 0.047 —0.004 —0.162" 0.012 0.113" 0.489"
AMipgon — Migiaw) 0.217* 0.032 —0.001 —0.397* 0.020 0.380" 0.595"
AMnuv — Migiaw) 0.301" 0.075" —0.003 —0.092" 0.011 0.104" 0.404"
AMgz36w — Misiaw) 0.226" —0.098" —0.001 —0.016 0.013 —0.100" 0.127"
AMyr — Migiaw) 0.206" —0.030" —0.002 —0.035" 0.005 —0.024* 0.182*
AMpa30 — Mig1aw) 0.235" —0.233" —0.002 —0.018 0.014 —0.236" 0.001
AWM, — Mgg14y) 0.225* —0.102* —0.002 —0.021" 0.004 —-0.105" 0.1227
AM¢3730 — Mig1aw) 0.310" —0.032 —0.003 —0.030 0.017 —0.037 0.274*
A(Miz95n — Miz14v) 0.186" ~0.000 —0.001 —0.010 —0.053 —0.025 0.161"
AMis67m — Mig14w) 0.088" 0.007 —0.001 —0.006 —0.001 0.007 0.094"
AMesg7n — Migiaw) 0.078* 0.009 ~0.000 —0.003 0.001 0.008 0.086"
AMgsoon — Migiaw) 0.084" 0.006 —0.001 —0.010 0.002 0.006 0.090"
A(Mysssw — Migraw) 0.066" 0.006" —0.001 —0.005" 0.001 0.005" 0.072"
AMg' — Migiavw) 0.053" 0.006" ~0.000 —0.004" ~0.000 0.006" 0.059"
AMgso6w — Mrsiaw) 0.004" 0.004" ~0.000 —0.003 ~0.000 0.004" 0.049"
AM; — Migy4v) 0.035" 0.003 ~0.000 —0.001 —0.001 0.003 0.037*
AMissen — Mig1aw) 0.017 0.002 0.001 0.012 0.003 0.003 0.020
AMssgn — Migiaw) 0.018 0.003 ~0.000 0.002 ~0.000 0.003 0.020
AMss73n — Mig1aw) 0.021" 0.003 ~0.000 —0.001 —0.001 0.002 0.023~
AMgs15n — Migiaw) 0.004 —0.002 —0.001 ~0.000 ~0.000 —0.003 0.002
AMigasm — Miz1aw) —0.003 ~0.000 ~0.000 0.001 ~0.000 ~0.000 —0.002
AMrr — Mig1ay) —0.002 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 —0.002
AM, — Mig14v) —0.010" ~0.000 ~0.000 —0.001 ~0.000 ~0.000 —0.011"
AMeyosn — Migiaw) —0.007 —0.006 ~0.000 —0.001 ~0.000 —0.006 —0.012
AMigsor, — Misiaw) —0.010" —0.001 ~0.000 ~0.000 ~0.000 ~0.000 —0.010"
AMy — Mgy 4v) —0.014" —0.002 ~0.000 —0.002 ~0.000 —0.002 —0.016"
AMio6om — Mis1aw) —0.013 —0.002 ~0.000 —0.002 ~0.000 —0.002 —0.015"
AMeyegn — Migiaw) -0.014 —0.001 ~0.000 —0.002 ~0.000 —0.001 —0.015

Note. The number associated with an asterisk means this color difference can be resolved at the distance of NGC 2808 with a total exposure time of 300 s (see

discussions in Section 4).

bottom-right panel we exhibit their flux ratios in terms of
—2.5logf, /fi (f2 and f; are fluxes of 2P and 1P stars
respectively), which is the same as a magnitude difference
spectrum. Figure 3 demonstrates that for two stars at the same
evolutionary stage, the He-rich star is brighter/bluer than the
normal star. The color axis in Figure 3 is described by
Misssw — Migi4w, and for the referenced RGB(MS) stage
(indicated by gray dotted lines), the color difference between
the two populations is A(Mgsssw — Mig14w) ~ 0.07(0.15) mag,
respectively. As a comparison, we also show the same loci for
1P and 2P under the HST photometric system (UVIS/WFC3),
as indicated by gray solid (1P) and dashed (2P) lines in the left
panel. We find that the color separations between 1P and 2P are
similar in the MCI/CSST and UVIS/WFC3 HST filter
systems. The color differences between other passbands,
A(M; — Mig4y), are calculated, which are presented in
Tables 3 and 4 (for the RGB and MS stages respectively).

Figure 3 affirms that helium-rich MS and RGB stars are hotter
than their normal counterparts. A wide color baseline is efficient
for disentangling stellar populations with different helium
abundances. In Figure 4 we show three isochrone pairs which
describe Y=0.25 and Y=0.40 populations in different colors,
Meyzsw — Mg1aw, Mrszew — Misiaw and Msssy — Migiay (from
left to right respectively). It shows that a wider color baseline can
resolve a larger color difference between the two populations.
These color differences between 1P and 2P are similar to those
under the UVIS/WFC3 HST photometric system (gray solid and
dashed lines, respectively). Figure 5 presents the color differences
in different filter bands, M; — Mig14y,. Indeed, we find that the
bluer the first filter band, the higher the color difference between
the two populations. The maximum color differences at both the
RGB and MS stages appear in Mpy7sw — Migiaw, Which are
AMpr750 — Mg14w) ~ 0.4 mag and ~0.7 mag, respectively. To
resolve such color differences, a minimal signal-to-noise ratio of
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Table 4
The Same as Table 3, Except that the Reference Stage is the Bottom MS
Color Difference (mag) He var. CNO var. Na var. Mg var. Al var. Case 1 Case 2
A(Mir750 — Migiaw) 0.697 0.377 0.019 0.160 0.012 0.488 0.918
AMrpgon — Mig1aw) 0.362 0.092 0.026 0.149 0.020 0.323 0.710
AMnuv — Migiaw) 0.590" 0.327 0.019 0.209 0.011 0.352 0.777*
AMs3360w — Mig1aw) 0.458* —0.142* 0.013 0.170" 0.013 —0.132* 0.278"
AMyr — Migiaw) 0.366" —0.052" 0.010 0.127* 0.005 —0.049" 0.298"*
AMp343n — Mig1aw) 0.432* —0.363" 0.013 0.163 0.014 -0.329" 0.026
AWM, — Mig14y) 0.390" —0.156" 0.011 0.138" 0.004 —0.157* 0.201*
AMg3730 — Mig1aw) 0.380 —0.109 0.016 0.188 0.017 —0.073 0.268
A(Mg395n — Mig1aw) 0.362" —0.040 0.011 0.133 —0.053 —0.192 0.227
AMis7m — Migiaw) 0.194" 0.007 ~0.000 —0.028 —0.001 0.012 0.203"
A(Miyg7n — Migiaw) 0.1917 0.009 0.003 —0.012 0.001 0.018 0.204"
AMgsoon — Migiaw) 0.224* 0.006 0.002 —0.137" 0.002 0.110" 0.260"
A(Misssw — Migiaw) 0.153" 0.006" —0.002 —0.024" 0.001 0.023" 0.167*
AMg — Migiaw) 0.124* 0.006" —0.001 —0.009" ~0.000 0.013" 0.134"
AMisosw — Mig1aw) 0.112* 0.005" —0.001 —0.011" ~0.000 0.013" 0.1217
AM, — Migy14w) 0.094* 0.004 —0.002 0.004 —0.001 —0.006" 0.096"
A(Missen — Migiaw) 0.069 0.003 0.003 0.025 0.003 0.003 0.077
A(Migssn — Mig1aw) 0.064" 0.003 0.001 0.009 ~0.000 —0.001 0.068"
AMis73n — Migiaw) 0.067" 0.004 ~0.000 0.004 —0.001 —0.004 0.070"
AMig150 — Mig1aw) 0.001 —0.003 —0.003 ~0.000 ~0.000 —0.006 —0.006
AMigasm — Mig1aw) —0.005 0.001 ~0.000 0.001 ~0.000 —0.006 —0.006
AMrr — Mig1aw) —0.003 ~0.000 ~0.000 ~0.000 ~0.000 ~0.000 —0.003
AM, — Mig14y,) —0.018" ~0.000 ~0.000 —0.001 ~0.000 0.001 —0.018
A(Miors5n — Migiaw) —0.024* —0.008 ~0.000 —0.001 ~0.000 —0.004 —0.033"
AMigsor, — Mrsiaw) —0.018" —0.001 ~0.000 ~0.000 ~0.000 0.001 —0.018"
A(My — Myg14w) —0.026" —0.003 ~0.000 —0.002 ~0.000 —0.001 —0.029"
AMio6om — Mrs1aw) —0.026" —0.003 ~0.000 —0.002 ~0.000 —0.001 —0.030"
A(Miogsn — Migiaw) —0.024 —0.002 ~0.000 —0.002 ~0.000 —0.001 -0.027*

Note. The number associated with an asterisk means this color difference can be resolved at the distance of NGC 2808 with a total exposure time of 54,000 s (180

exposures).

SNR ~ 4 for each passband is required (see discussions in
Section 4).

3.2. Carbon, Nitrogen and Oxygen Variations

Measuring CNO variations in photometry requires specific
filter bands. As introduced in Section 1, filters centered at the
wavelength of A~3370A (i.e., CSST-f336w, CSST-f343n)
would see N-rich stars fainter than normal stars (at the same
stage). Since N-enriched stars are CO-depleted, these stars
should be brighter than CO-normal stars in filters covering the
wavelength range of A <3000 A (OH-absorption dominated)
or A~ 4300 A (CH-absorption). Unfortunately, the latter is not
included in the MCI/CSST filter system. We present the color
differences between the normal population and the population
with CNO anomalies (see Table 2) in different color baselines
in Figure 6. Indeed, we find that around ~3370 A normal stars
are brighter than N-rich stars. They present negative color
differences in color bands involving specific filters (in
particular the CSST-f336w and CSST-f343n filters). For
filters bluer than ~3000A (CSST-NUV, CSST-f280n,

CSST-f275w), normal stars are fainter than N-rich stars as
the latter are O-depleted, and their color differences are
positive.

Figure 6 indicates that if we select a color band involving a
filter with )\, <3000A (CSST-f275w) and a filter with
A~ 3370 A (CSST-f343n), we can maximize the color
difference between the normal and N-rich population of stars.
It also tells us that the color separation is more significant at the
MS stage than the RGB, because the selected MS stage has a
surface temperature lower than that of the RGB. Stars with
lower atmosphere temperatures will have stronger CNO-related
molecular absorptions. In Figure 7 we present two CMDs for
the normal and N-enriched (CO-depleted) populations (1P and
2P respectively). The upper-left panel presents the CMD
involving two visible filter bands, CSST-f555w and CSST-
f814w, which show a negligible difference between the two
populations. The bottom-left panel features two populations
in the color of Mjy75,, — Mi343,, Which exhibit a dramatic
color difference. Indeed, similar filter bands are frequently
used in HST photometry for studying MPs of GCs (e.g.,
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Mssssw (mag)

M; — Mig1aw (mag)

Figure 4. From left to right, loci of normal (1P, black solid lines) and helium-
rich (2P, black dashed line) populations in colors of Mp7sy — Migiaws
Miz36w — Migiaw and Mysssy, — Migi4y, respectively. The same loci for 1P
and 2P under the UVIS/WFC3 HST photometric system are indicated by gray
solid and dashed lines respectively.

Milone et al. 2018; Nardiello et al. 2018). We present these loci
under the same UVIS/WFC3 HST filters in the panel. Again,
the color differences between the 1P and 2P revealed by CSST
and HST are similar. In the right panels of Figure 7, we display
spectra of the referenced RGB star and its counterpart with
CNO anomalies (upper) and their magnitude difference
spectrum (lower), which explains why the combination of
CSST-f275w and CSST-f343n can maximize their color
difference. The color differences caused by CNO variation in
different filter bands are present in Tables 3 and 4.

3.3. Sodium Variation

We apply the same analysis to stellar populations with
different Na abundance. Although for MPs the Na and O
abundances are always anti-correlated, in this subsection we
only consider an Na enrichment of 6[Na/Fe] = 0.5 dex. More
realistic considerations (NGC 2808-like) will be discussed
later. Our analysis shows that Na enrichment has a very limited
effect on photometry. Although lots of Na I and Na II
absorption lines occur in the UV band, the maximum color
difference between the two populations does not exceed 0.03
mag. We also find that Na-enrichment has opposite effects on
the MS and RGB stages. Na-rich stars are slightly bluer than
normal stars at the RGB stage, but are redder at the bottom MS,
as depicted in Figure 8. We conclude that the filters designed

Li et al.

for MCI/CSST are not suitable to identify MPs with different
Na abundance.

3.4. Magnesium Variation

The most significant difference between the normal and Mg-
rich population stars appears in the color band of
Mig0n — Mig14w. Our analysis shows that for the RGB stage,
their color difference reaches A(Mpgon — Mig1aw) = —0.4 dex.
This is caused by the combination of the Mg 1 2795 A and
2803 A absorption lines. Intriguingly enough, the color
difference is reversed for the bottom MS populations. The
Mg-rich population is bluer than the normal population in most
color bands involving UV filters, but is redder in
Misoon — Mig14w- Since its chemical abundances are identical
to the RGB, this difference is possibly caused by their surface
gravity (logg) difference. Since the degree of ionization
depends on the stellar surface gravity, it mainly affects the
wavelength range below 3650 A. Indeed, as shown in Figure 9,
filters with central wavelength below 4000 A are significantly
affected. The lower surface temperature may also affect the
SED: for very late stars, the enhanced Mg abundance will
produce a deeper absorption band, including Mgl 5167 A,
5173 A and 5184 A, than a normal star, which thus affects the
CSST-f502n photometry. Since to explain the details of this
difference is beyond the scope of this article, we leave it as an
open question for future investigation.

Figure 9 indicates that the separation between normal and
Mg-rich is most significant in the color band of Mpgo, —
Mis00,. We present the CMDs of normal (1P) and Mg-rich (2P)
populations in the left panels of Figure 10. We find the optimal
filter sets used for separating the normal and Mg-rich
populations are CSST-f280n and CSST-f502n (for HST,
these are F280N and F502N accordingly). In these two filters,
the color difference between 1P and 2P is much more
significant than that observed in optical passbands (i.e.,
Misssw — Mig14w). The color difference seen by the CSST is
less significant than that observed by HST at MS, however.
Because the transmission curve of the HST F280N filter is
higher than that of CSST, the former is more sensitive to small
Mg variation. In the right panels of Figure 10 we present the
magnitude difference spectra between the Mg-rich and normal
reference stars (top-right: RGB stars; bottom-right: bottom MS
stars).

3.5. Aluminum Variation

The effect of Al-enrichment is similar to that of Mg
(Figure 11). When considering the colors of M; — Mg14w,
where M; only contains filter bands bluer than 3800 A, the Al-
rich population is redder than the normal population at RGB
stage, but is bluer at the bottom MS range. These color
differences are very small (JA(M; — Mig1aw)| < 0.02 mag).
Only for the bottom MS range in the color band of
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Figure 5. Color differences between normal and helium-enhanced populations in different color bands.
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Figure 6. Same as Figure 5, but for normal and N-enriched (CO-depleted) populations.
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Mi395n — Mig14w, the Mg-rich population is redder than the
normal population with A(M; — Mig14y) < —0.05 mag. This is
caused by the combination of AlT lines at 3944 A and 3962 A.
However, resolving such a small color difference at the bottom
MS in a narrow filter band may require a very long exposure
time (see Section 4). We, therefore, do not recommend using
the CSST photometry to study Al variations in star clusters.

3.6. NGC 2808-like Multiple Populations

Above we only discuss the effects of MPs with variations of
a few or individual elements. A more realistic case should
involve variations in all these elements. In this work, we only
consider the variations of He, C, N, O, Na, Mg and Al because

they are the most abundant elements in stellar atmospheres,
producing strong absorption features. For GCs with MPs, Li, F,
and some s-process elements may vary from star-to-star as
well. Because of their small mass fraction, strong photometric
effects caused by these variations are not expected. In this
section, we study two cases that follow the definitions in
Table 2. The difference between these two cases is that Case 1
does not contain He variation, because not all GCs have such
an extreme He variation like NGC 2808.

The color differences between 1P and 2P for case 1 are
shown in Figure 12. Not surprisingly, UV filter bands play
important roles in revealing MPs. We find that the color band
of M75w — Mi343n can maximize the difference between two
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in right panels are for RGB reference stars.

populations. We also suggest an alternative color band of
Myuv — M. Although the color difference between the 1P and
2P is not so significant in this band like Mp75y, — Mg343n, the
CSST-NUV and CSST-u filters have much wider FWHM
than the CSST-f343n (see Figures 1 and 2), which can save
lots of exposure time. In addition, these two filter bands will be
used in the CSST main survey as well (Gong et al. 2019). In
Figure 13 we show the CMDs of two populations in CMDs
involving colors of Mp7sw — M3430, Mnuv — M, and
Misssw — Mig14w. The isochrones described by F275W and
F343N passbands of UVIS/WFC3 HST are represented by
gray solid and dashed lines, respectively. The CSST and HST
can separate well the loci for 1P and 2P, and their separations
are similar.

The color differences between 1P and 2P stars for Case 2 are
presented in Figure 14. Driven by the He-enrichment, 2P
becomes bluer in all color bands. For this case, the color
difference between the 1P and 2P bottom MS can reach
AMrr75w — Mig1aw) > 0.8 mag. Although He variation pro-
duces the most significant color difference, we can derive other
element variations through different color bands. For example,
in Figure 5 we can see if the 1P and 2P are only different in He

abundance, they will show a color difference of A(M3y3, —
Mig14w) ~ 0.2-0.5 mag. This difference becomes negligible if
they are also different in CNO abundances, because
N-enrichment (CO-depletion) will make the 2P stars redder
than normal stars, compensating the effect of He-enrichment. In
addition, if the He-rich population is Mg-depleted, it will
become much bluer in the Mpgon — Migiaw color band
(A(Miag0n — Mig14w) ~ 0.6-0.8 mag) than the case without
Mg-depletion (A(Mpgon — Migiaw) ~ 0.2-0.4 mag, Figure 5).
This situation is illustrated in Figure 15.

3.7. A Less Extreme Case

We have calculated a less extreme model of MPs. According
to Milone et al. (2018), most less massive GCs (5105 M) do
not exhibit a significant helium spread (6Y ~ 0.00-0.02, their
Figure 13), but these clusters still manifest light element
variations (their Table 3). Most GCs have N, Mg, and Al
variations that are about half those of NGC 2808. In this case,
we set an N-enrichment for 2P stars of A[N/Fe] = 0.7 dex, and
these 2P stars are depleted by A[C/Fe]= A[O/Fe]=—0.18
dex, to make the total CNO abundance constant. Their Mg-
depletion is A[Mg/Fe] = —0.2 dex, with an Al-enrichment of
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Figure 9. Same as Figure 5, but for normal and Mg-enriched populations.

A[Al/Fe] = +0.7 dex, as determined through visual inspection
from Pancino et al. (2017). The Na-enrichment is A[Na/
Fe] =+40.2 dex. In this case, the N-enrichment and Mg-
depletion for 2P stars are half of those in NGC 2808. Using the
same method, we have calculated the color differences between
1P and 2P for RGB and MS stars, which are presented in
Figure 16. We find that under this case, the color differences of
M; — Mg14w (M; is the magnitude under any selected filter) are
less obvious than in Case 1, as expected, but they still produce
significant color differences when involving UV filter bands.
The Mi343, is the most important filter band for separating 1P
and 2P, which describes the depth of the NH-absorption
feature. M5, Mpgon and Myyy can maximize the color

difference as they measure the O-depletion. The color band like
M43, — M5 18 more sensitive than traditional optical colors
(e.g., V-1D.

In summary, multi-band photometry of the MCI/CSST
involving these key filters is crucial for determining detailed
abundance variations between different stellar populations.

4. Discussion

In this work we study the photometric patterns of MP
chemical variations on synthetic magnitudes of the MCI/CSST
filter system. We studied five cases, including He variation,
CO-depletion and N-enrichment, Na-enrichment, Mg-depletion
and Al-enrichment, two cases with different chemical patterns
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Figure 11. Same as Figure 5, but for normal and Al-rich populations.

similar to the GC NGC 2808 (with/without He variation), and
one less extreme case which better represents many other GCs.
We find that colors involving various UV filters are well suited
to separating MPs with different He, C, N, O and Mg

abundances, but are not suitable for Na and Al variations. We
find that the filter CSST-f343n is essential for deriving CNO
variations. The color band involving the CSST-f280n filter is
optimal for separating MPs with different Mg abundance. The
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Figure 13. Loci of 1P and 2P (Case 1) in different color bands (black: M¢sssy, — Mig14w; blue: Muy — My; red: Mi7sw — Mezazn; gray: Mex7sw — Mpsasn, for HST).

The solid and dashed lines represent 1P and 2P stars respectively.

performances of these filters are similar to their counterparts in
the UVIS/WFC3 HST photometric system. Considering the
exposure time requirement, we suggest that wide filter bands
such as CSST-f275w, CSST-NUV and CSST-u can be used
for studying MPs in star clusters.

Although currently simulated artificial images for MCI/
CSST observations are not available, it is useful to have a
preliminary evaluation of whether one can disentangle MPs
with MCI/CSST at a typical distance of GCs. We make use of

the online CSST exposure time calculator (ETC) for the MCLY
to study if we can resolve the referenced RGB and bottom MS
stars at the distance of NGC 2808 ((m — M)y~ 15.6 mag,
Kunder et al. 2013) in given color bands. For two RGB stars
(mgsssw = Messsw + 15.6 = 17.6 mag), we adopt one exposure,
with a total exposure time of ~300 s, while for the bottom MS
stars (myesssw = Mrsssw + 15.6 =23.6 mag), we set a total of 18

'7 hitp:/ /etc.csst-sc.cn /ETC-nao /etc.jsp
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Figure 15. CMDs of 1P (black solid line), 2P (Case 2, red dashed line) and He-rich population (without other element variations, black dashed line), in the color bands

of Miz43n — Mig14w (left) and Mirgon — Migiaw (right).

exposures with an exposure time of 300 x 180 = 54,000 s
(With this exposure time, the SNR for CSST-f814w at the
bottom MS is roughly the same as the SNR at the RGB phase
with 300 s exposure time.). For a selected filter, the ETC will
return its SNR under a given exposure time. If the resulting

SNR is four times the minimum requirement for disentangling
MPs, we identify the filter as suitable (marked by asterisks in
Tables 3 and 4). We find that using MCI/CSST to resolve
NGC 2808-like MPs at the bottom MS is feasible through
specific color bands (i.e., Mnuv — Mig14w)-
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Of course, the real CSST observations will be definitely
somehow different from what we have evaluated in this work.
For example, although Tables 2 and 3 report that the color band
of Mgsssw — Mig14w can disentangle MPs with different CNO
abundances, their color differences are only A(Mgsssy —
Mig14w) ~ 0.006 mag. Such a small color difference can be
easily contaminated by unresolved binaries, blending, differ-
ential reddening and point-spread function (PSF) fitting
residuals. Because of this, a suitable filter does not mean an
optimal selection for studying MPs with certain chemical
patterns. Anyhow, our analysis definitely shows that MCI/
CSST will be a powerful tool for studying MPs in GCs. This
work can serve as guidance for arranging future MCI/CSST
observations, such as the choice of filter sets and bench-
mark GCs.
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