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A B S T R A C T 

IC 4665 is one of only a dozen young open clusters with a ‘lithium depletion boundary’ (LDB) age. Using an astrometrically 

and spectroscopically filtered sample of cluster members, we show that both the positions of its low-mass stars in Gaia absolute 
colour–magnitude diagrams and the lithium depletion seen among its K- and early M-stars are discordant with the reported LDB 

age of 32 

+ 4 
−5 Myr. Re-analysis of archi v al spectra suggests that the LDB of IC 4665 has not been detected and that the published 

LDB age should be interpreted as a lower limit. Empirical comparisons with similar data sets from other young clusters with 

better-established LDB ages indicate that IC 4665 is bracketed in age by the clusters IC 2602 and IC 2391 at 55 ± 3 Myr. 

Key words: stars: abundances – stars: evolution – stars: low-mass – stars: pre-main-sequence – open clusters and associations: 
general. 
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 I N T RO D U C T I O N  

etermining the ages of young, low-mass stars is an important but
ifficult task. Young clusters and associations play the key role in
alibrating both stellar evolutionary models and a variety of age-
ensitive empirical diagnostics that can be used to estimate the ages
f other stars (e.g. see Hillenbrand 2009 ; Soderblom 2010 ; Jeffries
014 ; Soderblom et al. 2014 ; Barrado 2016 ). Ho we ver, the absolute
ge scale for pre main-sequence (PMS) stars is still uncertain by
 actors of tw o or more (e.g. Naylor 2009 ; Bell et al. 2013 ; Mamajek &
ell 2014 ; Feiden 2016 ; F ang, Hercze g & Rizzuto 2017 ; Jeffries et al.
017 ), with significant disagreements between ages derived using
ifferent models and methods or even from stars in the same cluster
ith different masses. This in turn means there are still significant
ncertainties in the time-scales of all the evolutionary processes
nvolved in star and planet formation – for example the time-scales for
he dispersal of circumstellar material – since these are determined
sing PMS stars in clusters and associations with estimated ages
e.g. Haisch, Lada & Lada 2001 ; Fedele et al. 2010 ; Richert et al.
018 ). 
Of the age determination techniques used in young clusters, the

Lithium Depletion Boundary’ (LDB) method (Bildsten et al. 1997 ;
arrado y Nav ascu ́es, Stauf fer & Patten 1999 ; Stauf fer et al. 1999 ;

ef fries & Oli veira 2005 ) – finding the luminosity at which fully
onv ectiv e contracting PMS stars achieve the core temperatures
ecessary to rapidly burn their initial Li – is likely to be the
east model-dependent. LDB ages are less sensitive to changes in
dopted nuclear reaction rates and opacities, or to the treatment of
onvection, rotation, magnetic fields, and starspots than are ages
rom the Hertzsprung–Russell diagram (Burke, Pinsonneault & Sills
004 ; Jackson & Jeffries 2014 ; Soderblom et al. 2014 ; Tognelli,
rada Moroni & Degl’Innocenti 2015 ). 
 E-mail: r.d.jeffries@keele.ac.uk 
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Measuring LDB ages is difficult, involving establishing the pres-
nce or not of lithium in relatively high-resolution spectra of very
 aint, low-mass M-dw arfs. Only a dozen or so clusters and moving
roups have LDB ages and these could form the basis of a robust
bsolute age scale between about 10–700 Myr (see Mart ́ın et al.
018 ; Randich et al. 2018 ; Binks et al. 2021 ; Galindo-Guil et al.
022 , and references therein). One of these clusters is IC 4665
 = C1746 + 056), for which Manzi et al. ( 2008 ) found an LDB
ge of 28 ± 5 Myr. Re-determinations of the LDB age, using the
ame reported Li measurements of Manzi et al. ( 2008 ), but a range
f bolometric corrections and evolutionary models, arrive at ages of
0–32 Myr (Soderblom et al. 2014 ; Randich et al. 2018 ; Galindo-
uil et al. 2022 ). IC 4665 appears to be one of few clusters with an
DB age < 40 Myr and it has become an e x emplar and calibrating
bject for stars of this age (Cargile & James 2010 ; Smith, Jeffries &
liveira 2011 ; Meng et al. 2017 ; Randich et al. 2018 ; Miret-Roig,
u ́elamo & Bouy 2020 ). 
There is ho we ver some controversy over the age of IC 4665.

here is more Li depletion among its K- and early M-type stars
han expected when compared to other clusters with LDB ages
f 20–40 Myr, suggesting it could even be as old as 100 Myr
Martin & Montes 1997 ; Jeffries et al. 2009 ); Jeffries et al. ( 2023 )
tted an empirical Li-depletion model to similar data from the Gaia–
uropean Southern Observatory (ESO) surv e y, obtaining an age of
2 + 8 

−6 Myr. This would contradict the LDB age determined by Manzi
t al. ( 2008 ) but would be consistent with the isochronal age of 53 + 11 

−9 

yr found in the large, homogeneously fitted cluster sample of Dias
t al. ( 2021 ). Cargile, James & Jeffries ( 2010 ) also noted that their
erived high-mass stellar turn-off age of 42 ± 11 Myr, whilst formally
onsistent with the LDB age, did not follow the pattern in other young
lusters that LDB ages were found to be older than turn-off ages (e.g.
tauffer, Schultz & Kirkpatrick 1998 ; Stauffer et al. 1999 ). 
In this paper, we revisit the age of IC 4665 using: a revised distance

nd membership determination and absolute colour–magnitude di-
grams from Gaia Data Release 3 ( Gaia DR3, Gaia Collaboration
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. IC 4665 candidates in the proper motion plane (left) and a plot 
of parallax versus apparent G magnitude (right). Stars that were discarded 
as outliers in either plot are shown as red crosses and named according to 
the catalogues of Jackson et al. ( 2022 ) and Galindo-Guil et al. ( 2022 ) (see 
Section 2.1 ). 
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Table 1. The basic data for the stars assigned cluster membership in IC 4665 
and each of the comparison clusters. The format and content of the table is 
given here; the full table, consisting of 537 rows, is available in electronic 
format. 

Col Label (Units)/Description 

1 Cluster Cluster identifier 
2 Target Name (Galindo-Guil et al. 2022 ; Jackson et al. 2022 ) 
3 RA (degrees) J2000.0 
4 DEC (degrees) J2000.0 
5 Mem Membership probability (Jackson et al. 2022 ) 
6 T eff (K) Ef fecti ve temperature 
7 l EWLi Upper limit flag on EWLi (Galindo-Guil et al. 2022 ) 
8 EWLi (m Å) 
9 EWLic (m Å) corrected for blending 
10 e EWLic (m Å) 
11 DR3Name Identifier in Gaia DR3 
12 plx (mas) parallax (from Gaia DR3) 
13 e plx (mas) uncertainty in parallax 
14 dist (pc) inferred distance 
15 e dist (pc) 
16 Gmag (mag) G magnitude (from Gaia DR3) 
17 e Gmag (mag) 
18 BPmag (mag) B p magnitude (from Gaia DR3) 
19 e BPmag (mag) 
20 RPmag (mag) R p magnitude (from Gaia DR3) 
21 e RPmag (mag) 
22 phot xs Ratio of corrected flux excess factor to its dispersion 
23 Gmag0 (mag) Extinction-corrected G magnitude 
24 MG (mag) Absolute G magnitude 
25 e MG (mag) 
26 BPRP0 (mag) intrinsic B p − R p colour 
27 e BPRP0 (mag) 
28 GRP0 (mag) intrinsic G − R p colour 
29 e GRP0 (mag) 
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the ratio of the absolute value of the ‘corrected flux excess factor’ to 

1 ht tps://www.cosmos.esa.int /web/gaia/edr3-ext inct ion-law . 
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t al. 2016 , 2023 ); new membership and lithium data from the Gaia–
SO surv e y (GES, Gilmore et al. 2022 ; Randich et al. 2022 ); and a

e-examination of the spectroscopy used by Manzi et al. ( 2008 ). We
onclude that IC 4665 has an age of 50–60 Myr and that its published
DB age is a lower limit. 

 CLUSTER  MEMBERSHIP,  DISTANCE,  A N D  

X T I N C T I O N  

.1 IC4665 

 or these inv estigations it is important to choose a secure sample of
C 4665 members that are not selected solely on the basis of their
olours and magnitudes or because of their lithium abundance. To that 
nd we compiled a list of members that have both spectroscopic and
strometric properties that make them very likely cluster members 
rom Jackson et al. ( 2022 ) and Galindo-Guil et al. ( 2022 ). The former
ere selected as GES targets with membership confirmed using Gaia 
R3 proper motions along with GES radial velocities; IC 4665 

argets with membership probability > 90 per cent were included. 
he latter were taken from the previous spectroscopic surv e ys of
anzi et al. ( 2008 ) and Jeffries et al. ( 2009 ) but were screened by
alindo-Guil et al. ( 2022 ) using Gaia DR2 data to exclude objects
ith discrepant parallaxes and proper motions. 
Photometry from Gaia DR3 was added for all these members and 

qui v alent widths of the Li I 6708 Å resonance line (EWLi) from
in preference order) Jeffries et al. ( 2023 ), Jeffries et al. ( 2009 ),
nd Manzi et al. ( 2008 ). For seven stars observed in GES by both
he medium resolution Giraffe spectrograph and at higher resolution 
ith UVES (see Gilmore et al. 2022 ), a weighted mean EWLi was

aken. Ef fecti ve temperatures ( T eff ) were taken from homogenized
ES spectroscopic estimates (Hourihane et al. 2023 ) or the spectral 

nergy distribution modelling of Galindo-Guil et al. ( 2022 ). Fig. 1
hows the proper motions and parallaxes for these stars. There are 
our clear outliers; three of them have a renormalized unit weight 
rror RUWE > 1.4 (see Lindegren et al. 2021a ), which may mean
heir astrometry is affected by binarity but they are remo v ed at this
tage. The outliers are: JCO3-770, JCO3-065, and P333, which were 
ssigned membership by Galindo-Guil et al. ( 2022 ) (though P333
acked astrometry in Gaia DR2) and 17473947 + 0527101 from 

ackson et al. ( 2022 ), where parallax was not used explicitly as a
lter. JCO3-065 has T eff = 4460 K, EWLi = 91 ± 22 m Å (Jeffries
t al. 2009 ) and is a candidate binary cluster member. The star P373
as also remo v ed since it lacks a proper motion and parallax. The

dentifiers used in the membership papers, positions, EWLi, T eff Gaia 
dentifiers, and photometry for the remaining 53 stars are listed in
able 1 (available in electronic format only). 
To plot an absolute colour magnitude diagram, the Gaia photom- 

try was corrected for extinction. Estimates for IC 4665 include: 
 mean E ( B − V ) = 0.18 ± 0.01 from uvby β photometry, (with
ny scatter limited to < 0.04 mag, Crawford & Barnes 1972 );
( B − V ) = 0 . 22 + 0 . 05 

−0 . 06 from fitting isochrones to Gaia DR1 data
Randich et al. 2018 ); E ( B − V ) = 0.23 ± 0.03 from Gaia DR2
hotometry and isochrone fitting (Dias et al. 2021 ); and E ( B −
 ) = 0.15 ± 0.02 from comparing Gaia DR3 colours with model

sochrones (Jackson et al. 2022 ). We adopt E ( B − V ) = 0.19 ± 0.04
s a central value. Extinction in the Gaia DR3 bands was calculated
nd remo v ed according to the methods described in Danielski et al.
 2018 ), using the Fitzpatrick et al. ( 2019 ) e xtinction la w and updated
or the DR3 photometry. 1 Photometry was flagged as poor quality if
MNRAS 526, 1260–1267 (2023) 
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Table 2. The lithium depletion boundary age, reddening, and derived properties of IC 4665 and the comparison clusters. 

Cluster 
(1) 

LDB age 
(2) 

M K (LDB) E ( B − V ) 
(3) 

N mem 

(4) 
Distance 

(5) 
Offsets (mag) 

(6) 
EAGLES Li age 

Myr mag mag pc ( B p − R p )/ M G ( G − R p )/ M G Myr 

IC 4665 31 . 6 + 3 . 9 −4 . 7 6.22 ± 0.13 0.190 53 343.6 ± 1.5 −0.19 ± 0.03 −0.13 ± 0.03 62 . 9 + 7 . 7 −6 . 2 52.9 + 6 . 8 −5 . 2 

NGC 2232 37 . 1 + 1 . 9 −1 . 9 6.89 ± 0.10 0.070 71 317.4 ± 1.1 + 0.12 ± 0.01 + 0.10 ± 0.02 28 . 9 + 1 . 2 −1 . 0 29 . 3 + 1 . 2 −1 . 0 

NGC 2547 43 . 5 + 1 . 7 −4 . 0 6.94 ± 0.12 0.040 185 381.8 ± 0.4 + 0.01 ± 0.01 −0.02 ± 0.01 34 . 6 + 1 . 2 −1 . 0 39 . 2 + 1 . 6 −1 . 3 

IC 2602 52 . 5 + 2 . 2 −3 . 7 7.35 ± 0.11 0.031 56 150.3 ± 0.5 −0.07 ± 0.02 −0.10 ± 0.02 45 . 8 + 4 . 7 −3 . 3 45 . 8 + 4 . 7 −3 . 3 

IC 2391 57 . 7 + 0 . 5 −1 . 0 7.60 ± 0.10 0.030 48 150.0 ± 0.4 −0.15 ± 0.02 −0.21 ± 0.03 60 . 1 + 26 . 8 
−9 . 2 60 . 1 + 26 . 8 

−9 . 2 

Blanco 1 137 . 1 + 7 . 0 −33 8.88 ± 0.16 0.010 124 234.8 ± 0.4 −0.76 ± 0.02 −0.79 ± 0.01 68 . 2 + 9 . 2 −5 . 6 73 . 5 + 12 . 9 
−6 . 9 

Notes. Column 1: using the BT-Settl or Baraffe et al. ( 2015 ) (for NGC 2232) models; taken from Binks et al. ( 2021 ) and Galindo-Guil et al. ( 2022 ). Column 
2: using literature values for K LDB , corrected for extinction and the distance derived here. Column 3: total number of members after the filtering described in 
Section 2.1 . Column 4: weighted mean distance of the cluster members considered here. Column 5: offsets from the fiducial NGC 2547 isochrone in Section 3 . 
Column 6: the second number shows the most probable age with > 3-sigma outliers remo v ed. 
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ts expected dispersion was > 3, and the B p − R p colour was not used
f B p > 20.3 (see Riello et al. 2021 , for details). 

Since the parallax uncertainties are generally small compared
ith the intrinsic dispersion within the cluster (at least for stars
ith G < 18), individual stellar distances were estimated. This
as done with a Monte Carlo simulation of the distance likelihood
istribution multiplied by a Gaussian prior probability function
teratively determined from the weighted mean and dispersion of all
luster members. The parallaxes were corrected for a small (mean
8 μas) colour-, ecliptic latitude-, and magnitude-dependent zero-
oint error according to the prescription of Lindegren et al. ( 2021b ).
bsolute magnitudes and intrinsic colours, corrected for extinction

nd individual distances, are given in Table 1 . The weighted mean
istance of the cluster members is 343.6 ± 1.5 pc. 

.2 Comparison clusters 

ince estimating young stellar ages from absolute colour magnitude
iagrams or from lithium depletion in G-, K-, and M-type stars is
ighly model dependent (see Soderblom et al. 2014 ), we compiled
omparison samples from several other young clusters with well-
stablished LDB ages, that were also observed in GES and which
ave homogeneous membership determination (Jackson et al. 2022 )
nd EWLi measurements (Jeffries et al. 2023 ). These clusters are
GC 2547, IC 2602, IC 2391, Blanco 1, and NGC 2232. The first

our clusters have LDB ages of 44, 53, 58, and 137 Myr, respectively,
omogeneously determined by Galindo-Guil et al. ( 2022 ), based
n spectroscopy originally presented by Jeffries & Oliveira ( 2005 ),
obbie, Lodieu & Sharp ( 2010 ), Barrado y Nav ascu ́es, Stauf fer &

ayawardhana ( 2004 ), and Cargile et al. ( 2010 ), and using the BT-
ettl models (Allard et al. 2012 ). The same authors and models give
n age of 32 Myr for IC 4665. Reddening for these clusters was
lso taken from Galindo-Guil et al. ( 2022 ). The LDB age of NGC
232 was determined by Binks et al. ( 2021 ) as 37 ± 2 Myr using
araffe et al. ( 2015 ) models, and we assume a reddening E ( B − V ) =
.07 ± 0.02 from Lyra et al. ( 2006 ). Rele v ant literature properties
nd those subsequently derived here for these clusters and IC 4665
re listed in Table 2 . 

Membership lists for the comparison clusters were compiled and
ltered as in Section 2.1 , combining the GES data with the tables

n Galindo-Guil et al. ( 2022 ). Only GES membership and EWLi are
vailable for NGC 2232. Screening on Gaia DR3 proper motions
nd parallaxes resulted in the removal of 7, 6, 1, 6, and 3 targets from
GC 2547, IC 2602, IC 2391, Blanco 1, and NGC 2232, respectively.
NRAS 526, 1260–1267 (2023) 
ndividual distance estimations for the members, correction for
xtinction and individual distances was also done as described in
ection 2.1 . The rele v ant data for individual cluster members are

ncluded in Table 1 and the weighted mean cluster distances are in
able 2 . 

 ABSOLUTE  C O L O U R – M AG N I T U D E  

I AG R A M S  

he absolute colour–magnitude diagrams (CMDs) for IC 4665 are
hown in Fig. 2 along with several theoretical isochrones taken
rom the SPOTS models of Somers, Cao & Pinsonneault ( 2020 ). The
nspotted versions (i.e. stars without starspots) do a reasonable job
f matching the IC 4665 single star sequence in the ( B p − R p ) 0 / M G 

iagram at an age of ∼50 Myr but do not match the shape of the
bserved sequence in ( G − R p ) 0 / M G . The purpose of this comparison
s not to estimate directly an isochronal age but to show which colour
anges are expected to be age sensitive (( B p − R p ) 0 > 0.98 and ( G

R p ) 0 > 0.57) and show that the isochrones are close-to-parallel in
he colour-ranges that are age-sensitive, with a mean separation in
 G from 30–50 Myr of ∼0.015 mag Myr −1 . 
Different models would yield different age estimates and with

idely varying success at matching the cluster sequence across
he mass-range (e.g. Binks et al. 2022 ). Ho we ver, the separation
etween isochrones at a given age is much less model-dependent.
ur approach therefore is to design empirical, fiducial isochrones in

he CMDs that match the observed data and then to see by how far
C 4665 and the comparison clusters are offset from this isochrone
s a means of establishing their age sequence and of estimating more
ildly model-dependent age differences. 
Since it has ∼2.5 times as many members as IC 4665 and a much

ower reddening (and reddening uncertainty), we use NGC 2547 to
stablish the fiducial isochrones in both CMDs. We remo v e one third
f the cluster members that lie abo v e the clear single-star sequence as
otential binary systems and then fit the remaining stars with fourth
nd fifth order polynomials in the ( B p − R p) 0 / M G and ( G − R p ) 0 / M G 

MDs, respectively. The results are shown in Fig. 3 . Note that only
tars with ‘good’ photometry (as defined in Section 2.1 ) were used
n the fit and plotted. 

The absolute CMD of IC 4665 is also shown in Fig. 3 with the
ame fiducial isochrone that fits the NGC 2547 single star-sequence.
 clear impression is gained that the IC 4665 single-star sequence

ies below that of NGC 2547 in both CMDs and therefore that IC
665 is older than NGC 2547. To quantify this, the right-hand panels



The a g e of IC 4665 1263 

Figure 2. Absolute colour magnitude diagrams for members of IC 4665 in 
the Gaia DR3 photometric system. Also shown are model isochrones from 

Somers et al. ( 2020 ) for ages around that of IC 4665 and at an older age –
approximating the zero age main sequence. 
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2 The posterior probability distributions are all well constrained and similar 
to normal distributions in log age. 
3 17455308 + 0536293: This star is otherwise unremarkable in terms of its 
kinematics, parallax, colour, and magnitude. 
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f Fig. 3 show histograms of the residuals in absolute magnitude 
o the fiducial isochrones in both CMDs. Only stars in common, 
ge-sensitive ranges of 0.98 < ( B p − R p ) 0 < 2.9 and 0.57 < ( G

R p ) 0 < 1.3 are included. If we discard the upper third of the
esiduals as potential binaries and calculate the weighted means of 
he remainder (with error bars that account for uncertainties in both 
olour and absolute magnitude) we obtain � M G = + 0.01 ± 0.01
ag and −0.02 ± 0.01 mag for NGC 2547 in the ( B p − R p ) 0 / M G 

nd ( G − R p ) 0 / M G CMDs respectively, where a positive residual is
righter/younger than the fiducial isochrone. These are close to zero, 
s expected. Ho we ver, for IC 4665 the equi v alent weighted mean
esiduals are −0.19 ± 0.03 and −0.13 ± 0.03 mag, respectively, 
ndicating that IC 2547 may be ∼10 Myr older than NGC 2547.
he error bars here are merely statistical and we also considered 
ow uncertainties in reddening affect the result. This uncertainty is 
argest for IC 4665 at ±0.04 in E ( B − V ). Perturbing the assumed
eddening by this amount and repeating the e x ercise, we find that the
 M G values for IC 4665 change by only ∓0.03 mag. Thus the result

ppears robust to statistical uncertainties and, given the homogeneity 
f the photometry , astrometry , and membership selection, robust to 
ystematic uncertainties too. 

This experiment was repeated for the other comparison clusters 
nd the weighted mean offsets from the fiducial isochrone and 
tatistical uncertainties are summarized in Table 2 . The absolute 
MDs and histograms of residuals are shown in Fig. 3 . The results

how that the age order of the comparsion clusters (from youngest 
o oldest) is NGC 2232, NGC 2547, IC 2602, IC 2391, and Blanco
, with IC 4665 falling between IC 2602 and IC 2391. 

 LI THI UM  DEPLETI ON  IN  T H E  G - ,  K - ,  A N D  

-STARS  O F  IC  4 6 6 5  

 similar e x ercise w as undertak en using Li-depletion among the G-
o M-type stars in each of the clusters. In this case, a set of empirical
sochrones in the EWLi versus T eff plane has already been calibrated
sing all the data for open clusters observed as part of GES and
mplemented in the EAGLES code (Jeffries et al. 2023 ). This code

odels a cluster of stars by fitting the empirical isochrones, and a
odelled intrinsic dispersion around those isochrones, for EWLi–
 eff data in the range 3000 < T eff /K < 6500. A combined likelihood
or all the stars is multiplied by a prior probability that is flat in log
ge to form a posterior probability distribution of age. 

In IC 4665 and each of the comparison clusters, EAGLES was used
o estimate the most probable age and an asymmetric 68 per cent
onfidence interval from the selected members and these are reported 
n Table 2 . 2 Only stars with 3000 < T eff /K < 6500 are used in the
t. Where EWLi upper limits are quoted (in the data retrieved from

he Galindo-Guil et al. 2022 , catalogue), these were inserted at half
he value of the upper limit, with a 1-sigma error bar equal to half
he upper limit. For the few stars where the EWLi measurements
riginate from sources cited in Galindo-Guil et al. ( 2022 ), these
ere corrected for the unresolved blend with a close Fe I line using

he formula given in Jeffries et al. ( 2023 ). In IC 4665, the very cool
tars studied by Manzi et al. ( 2008 ) have no quoted EWLi, only an
ndication of whether Li was detected or not. These were not included
nd are discussed in Section 5 . 

The ages and uncertainties determined in this way may not 
e robust to outliers – there is still some small possibility of
ontamination by non-members and the far wings of the intrinsic 
WLi distribution around an isochrone are not well-constrained. We 
ave added another column to Table 2 showing the best-fitting ages
hen 3-sigma outliers (including the observational error bar and the 

ntrinsic dispersion) are clipped from the sample. It is these fits that
re shown in Fig. 4 . IC 4665 has one very low point remo v ed by
his process 3 and its removal reduces the best-fitting age by 10 Myr
ecause it lies in an age-sensitive part of the diagram. The other
lusters are less affected – NGC 2232 has two points clipped, NGC
547 three, Blanco 1 one, and IC 2602 and IC 2391 have no points
lipped. Note that the very sharp rise in EWLi at T eff ≤ 3000 K for
ges > 30 Myr, corresponding to the LDB, is not represented in the
ES data used to train the EAGLES model. 

 REVI SI TI NG  T H E  L D B  AG E  O F  IC  4 6 6 5  

anzi et al. ( 2008 ) reported an LDB age for IC 4665 based on
etecting Li in five candidate low-luminosity members (P338, P333, 
313, A.08.30.655, A.05.30.3622), the probable detection of two 
thers at slightly higher luminosity (P372, P344) and then no 
i detected in many other stars at even higher luminosities. The
andidate members were confirmed with radial velocities and the 
resence of H α in emission. In their Gaia –DR2 astrometric study,
alindo-Guil et al. ( 2022 ) kept all of the Li-rich low-luminosity
MNRAS 526, 1260–1267 (2023) 



1264 R. D. Jeffries, R. J. Jackson, and A. S. Binks 

M

Figure 3. (Left) The absolute colour magnitude diagrams of IC 4665 and comparison clusters. In each plot, the solid line shows an empirical, fiducial isochrone 
fitted to the single-star sequence of NGC 2547. The clusters are presented in what appears from the CMDs to be their age order (youngest at the top). (Right) 
The corresponding histograms showing the distribution of residuals to the fiducial isochrone in each CMD. A ne gativ e residual means the star is fainter (older) 
than the fiducial isochrone at its colour. 
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ources except P333 for which no astrometry was available. In our
aia DR3 filtering P333 is excluded on the grounds of proper motion

see Fig. 1 ) but the other claimed Li-rich sources are kept. 
The spectra shown in fig. 2 of Manzi et al. ( 2008 ) allow rough

stimates of EWLi in the six Li-rich candidates, albeit the authors
ointed out that sky subtraction problems in these fibre-based spectra
ay make the continuum levels unreliable. EWLi in the plotted

pectra are ∼100 −150 m Å, apart from P338 where EWLi ∼400 m Å.
ut there are numerous other features with EW > 300 m Å in the

pectrum of P338 that are stronger or have no counterparts in similar
pectra, and so we think this Li detection, and the others, could just
e noise. In other clusters where stars below the LDB have been
onfirmed, the typical EWLi is > 300 m Å and usually ≥500 m Å
e.g. Stauffer et al. 1998 ; Barrado y Navascu ́es et al. 2004 ; Jeffries &
liveira 2005 ; Dobbie et al. 2010 , and see Fig. 4 ). Since EWLi in
ndepleted, very young mid-M dwarfs is empirically found to be
NRAS 526, 1260–1267 (2023) 
600 m Å (Jeffries et al. 2023 ) and total Li depletion is very rapid
nce it begins in fully convective stars (a few Myr, Bildsten et al.
997 ), then a population of objects with low, but non-zero EWLi is
ot expected. 
To investigate further, we reco v ered ‘phase 3’ pipeline-processed

pectra of these six objects from the ESO archive. All were observed
n one fibre setup using the Giraffe fibre spectrograph on the VL T -
T2 in 2004 August and September (see Manzi et al. 2008 , for
etails). There were six separate exposures, each amounting to about
0 min, but we discarded the first since it was badly affected by
cattered light from an extremely bright star observed through one of
he fibres. The remaining five exposures are also affected to a lesser
xtent by scattered light from a pair of targeted stars that are almost
 mag brighter than the LDB candidates. 
The pipeline-processed spectra are already debiased, flat-fielded,

nd wavelength calibrated but not sky-subtracted. We attempted
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Figure 4. The Li depletion patterns of IC 4665 and the comparison clusters. The plots show EW(Li) versus T eff with triangles indicating upper limits. Points 
surrounded by red circles are those that were remo v ed by 3-sigma clipping (see Section 4 ). The solid lines and shaded areas represent the EAGLES isochrone 
corresponding to the most probable age (the clipped values in Table 2 ) and the modelled intrinsic dispersion for each cluster. The dashed line is the same in each 
plot and is an EAGLES isochrone at 28 Myr – the original published LDB age of IC 4665 (Manzi et al. 2008 ). 
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ky-subtraction by removing the median of the sky signal observed 
hrough 16 dedicated fibres placed on random blank sky regions. 
he results were mixed; whilst the numerous bright night-sky 
mission lines were successfully remo v ed, indicating that the relative 
bre transmission factors were well-calibrated, the continuum levels 
mong different sky spectra varied by almost a factor of two and in
ome cases the sky-subtracted target flux was ne gativ e. The summed,
ky-subtracted spectra are shown in Fig. 5 . For three targets (P344,
372, P338) it is clear from the TiO molecular absorption bands at
 705 nm that they are M-dwarfs and show (chromospheric) H α

mission, as expected from young cool stars. Two other targets 
A08.30.655 and P313) have very weak signals, but do exhibit H α

mission. AO5.30.362 has an unusual spectrum that appears to be 
otally dominated by contaminating light from a very bright star 
hose spectrum is adjacent on the CCD detector and little further

an be said about it. 
The continuum levels of the sky-subtracted spectra are highly 

ncertain (and even negative) so reliable EWLi estimates are impossi- 
le. Nevertheless, we looked for evidence of any Li absorption feature 
y subtracting the flux in a 0.1 nm interval 4 around 670.8 nm from
he flux expected in a flat continuum defined by two windows ( λλ

70.0–670.5 nm and λλ 671.0–671.5 nm) either side, and expressed 
s a multiple of the expected uncertainty based on the rms signal in the
ontinuum windows. The results varied from + 1.8 for A05.30.362 
the positive indicating absorption) to −1.5 for P372 i.e. we have no
vidence for any significant absorption feature with abo v e 2-sigma 
onfidence (see the insets in Fig. 5 ). This is unlikely to change if
 This is roughly the full width at half-maximum expected for an unresolved 
ine. 

t  

a  

t  

o  
here is a scattered light pedestal to be added/subtracted from the
pectrum or if the subtracted sky were scaled in some way, since
here is no significant absorption feature in the sky spectrum near the
i wav elength. F or completeness, we confirmed this is also the case

f the line integration window is broadened to 0.2 nm, which might
e more optimal for low-mass stars rotating at ∼60 km s −1 . 
If none of these faint stars has significant Li absorption, or even

f it is unclear whether the y hav e Li or not, then the LDB age of
C 4665 determined by Manzi et al. ( 2008 ) and re-determined by
alindo-Guil et al. ( 2022 ), based on Manzi et al.’s identification of
i-rich stars, is a lower limit. The absolute K magnitude of the LDB

see Table 2 ) is M K > 6.22 and the LDB age would be > 32 Myr. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

rior to this paper, the LDB age analysis of Galindo-Guil et al.
 2022 ), based on the Li detections reported by Manzi et al. ( 2008 ),
ound IC 4665 to be the youngest of the six clusters considered
ere (see Table 2 ). This is confirmed in a model-independent way
sing the observed apparent K s magnitudes of the reported LDBs 
nd correcting these for the redetermined Gaia -DR3 distances and 
eddening values listed in Table 2 . The M K of the LDB inferred for IC
665 is > 0.6 mag brighter than any of the other clusters, a difference
hat cannot be explained by any plausible uncertainties in the cluster
istances or extinctions. 
Ho we ver, comparison of the absolute CMDs in Section 3 shows

hat the single star sequence in IC 4665 lies between those of IC 2602
nd IC 2391 and ∼0.15 mag fainter in M G than a fiducial isochrone
hat matches NGC 2547. This suggests that IC 4665 is ∼10 Myr
lder than NGC 2547, which would be congruent with the difference
MNRAS 526, 1260–1267 (2023) 
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M

Figure 5. Archi v al spectra of six low-mass IC 4665 members where a detection of the 670.8 nm line was claimed in Manzi et al. ( 2008 ). The pipeline-processed 
spectra have had the median sky spectrum subtracted (see Section 5 ). The insets show the region around the 670.8 nm Li I feature. 
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etween the LDB ages of NGC 2547 and those of IC 2602/2391.
imilarly, the empirical ages determined from the EAGLES model of
i depletion in the G-, K-, and early M-stars of these clusters in
ection 4 also suggests that IC 4665 is at least 10 Myr older than
GC 2547 and bracketed by IC 2602 and IC 2391. 5 

This leads us to doubt whether Manzi et al. ( 2008 ) successfully
etected the LDB of IC 4665 at M K ∼ 6.22. In Section 5 , we failed
o find significant Li absorption in any of the archi v al spectra of the
owest luminosity IC 4665 members and this would indicate that
he LDB age determined by Manzi et al. ( 2008 ) and re-e v aluated by
alindo-Guil et al. ( 2022 ) should be interpreted as a lower limit of
 32 Myr. We conclude that the age of IC 4665 is most likely between

hat of IC 2602 and IC 2391 at 55 ± 3 Myr, on the age scale defined
y the homogeneous LDB determinations of Galindo-Guil et al.
 2022 ) (using the BT-Settl evolutionary models). We predict, based
n the absolute magnitude of the LDB in the comparison clusters,
hat the LDB of IC 4665 will be found at K s ∼ 15.2 ± 0.2, almost a

agnitude fainter than the faintest stars investigated by Manzi et al.
 2008 ). Comparison with IC 2391, where the LDB was found at R

18.1 (Barrado y Navascu ́es et al. 2004 ), and taking account of
he differences in distance and reddening, suggests that the LDB of
C 4665 will be found at R � 20.2. This is a little brighter than the
pparent magnitude of the faintest LDB observed so far ( R � 20.8)
n the very young but distant cluster, NGC 1960 (Jeffries et al. 2013 ).
he latter LDB detection needed about 9 h of spectroscopy on the
-m aperture Gemini-North telescope; we anticipate that a successful
DB detection in IC 4665 may require similar resources. 
An older age for IC 4665 is consistent with the levels of rotation

nd magnetic activity in its lower mass stars and with the turn-
NRAS 526, 1260–1267 (2023) 

 Or is similar in age to IC 2391 if the 3- σ clipped star is included. 

T  

p  

b  

t  
ff age derived from its sparsely populated upper main sequence
42 ± 11 Myr, Cargile & James 2010 ). The older age should be
onsidered when interpreting the fraction of stars possessing discs,
ither primordial or from collisional debris (Smith et al. 2011 ; Meng
t al. 2017 ; Miret-Roig et al. 2020 ). For instance, Meng et al. ( 2017 )
nd Miret-Roig et al. ( 2020 ) find that IC 4665 has a lower disc
raction among its solar-type stars than NGC 2547 and other clusters
ith ages 10–30 Myr. Ho we ver, this may not be a surprising result

f IC 4665 is older than NGC 2547, since it is likely that the debris
isc luminosities and hence observed disc frequencies decrease with
ge (Siegler et al. 2007 ; Pawellek et al. 2021 ). 
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