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A B S T R A C T 

We here present the results of an analysis of the optical spectroscopy of 42 globular cluster (GC) candidates in the nearby spiral 
galaxy M81 (3.61 Mpc). The spectra were obtained using the long-slit and multi-object spectroscopic modes of the OSIRIS 

instrument at the 10.4-m Gran Telescopio Canarias at a spectral resolution of ∼1000. We used the classical H β versus [MgFe] ′ 

index diagram to separate genuine old GCs from clusters younger than 3 Gyr. Of the 30 spectra with continuum signal-to-noise 
ratio > 10, we confirm 17 objects to be classical GCs (age > 10 Gyr, −1.4 < [Fe/H] < −0.4), with the remaining 13 being 

intermediate-age clusters (1–7.5 Gyr). We combined age and metallicity data of other nearby spiral galaxies ( � 18 Mpc) obtained 

using similar methodology like the one we have used here to understand the origin of GCs in spiral galaxies in the cosmological 
context. We find that the metal-poor ([Fe/H] < −1) GCs continued to form up to 6 Gyr after the first GCs were formed, with all 
younger systems (age < 8 Gyr) being metal rich. 

K ey words: galaxies: e volution – galaxies: formation – galaxies: spiral – galaxies: star clusters: general – galaxies: star clusters: 
individual – galaxies: star formation. 
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 I N T RO D U C T I O N  

lobular clusters (GCs) are among the oldest objects in the Universe, 
hich make them a key component to understand the formation and 

ssembly history of galaxies (Brodie & Strader 2006 ).The avail- 
bility of wide-field digital detectors on ground-based telescopes 
nd the increased spatial-resolution offered by the Hubble Space 
elescope ( HST ) in the 1990s opened up the study of GCs systems
n external galaxies (Harris 1991 ). Unlike the GCs in the Milky Way
MW), which are selected based on their morphological appearance, 
he samples of GCs in external galaxies are defined in terms of
he photometric properties of compact sources in images (see e.g. 
handar, Whitmore & Lee 2004 ; Mu ̃ noz et al. 2014 ; Gonz ́alez-
 ́opezlira et al. 2017 ; Lomel ́ı-N ́u ̃ nez et al. 2022 ). 
At present, there exists good quality photometric studies of large 

amples of GCs and spectroscopic studies for a limited number of
Cs in elliptical and spiral galaxies (see e.g. Alves-Brito et al. 
011 ; Ko et al. 2018 ; Kim et al. 2021 ; Wang, Chen & Ma 2021 ;
scudero et al. 2022 ). A common result found in these studies is

he bimodal distribution of colours (Zepf & Ashman 1993 ; Gebhardt 
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 Kissler-Patig 1999 ; Larsen et al. 2001 ). A correlation between
olour and metallicity was also observed in different galaxies (e.g. 
eng et al. 2006 ; Alves-Brito et al. 2011 ). Given this correlation, the
imodal colour distribution has been attributed to a bimodality in the
bundance of metals (see Brodie & Strader 2006 ). The bimodality
ould indicate the presence of two different populations of GCs, the
etal poor (commonly referred to as blue), and the metal rich (or

ed). The two kinds of GCs also seem to be spatially se gre gated, with
he distribution of metal-poor blue GCs having a larger scale length
s compared to the metal-rich red GCs (e.g. Larsen & Brodie 2003 ;
ebb, Harris & Sills 2012 ; Kartha et al. 2014 ). 
Two interpretations are in common use to explain the origin of

he bimodality of metallicity in GC systems: (a) a major-merger 
cenario proposed by Ashman & Zepf ( 1992 ), where the metal-
oor GCs are accreted by progenitor merging spiral galaxies and the
etal-rich GCs are formed in situ in metal-enriched gas following 

he merger event, (b) an accretion scenario (C ̂ ot ́e, Marzke & West
998 ) invoking a mass–metallicity relation, where the metal-rich 
Cs were formed in situ within a massive seed galaxy, while the
etal-poor GCs were formed in less-massive satellite galaxies that 

re subsequently acquired by the host galaxy during the accretion 
rocess. In the major-merger scenario, the metal-poor and metal-rich 
Cs were formed before and after the merger e vent, respecti vely, and
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. M81 footprint in the HST /ACS F 814 W -band, showing the five 
long-slits and three MOS fields used for the data analysed in this work. Slits 
and MOS fields are identified by observing run code listed in Table 1 . The 
GC candidates from S10 are identified by red circles. The slitlets in the MOS 
fields that do not include GCs are SSCs and suspected Fuzzy clusters, which 
are not part of the discussions in this study. 
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ence the metal-poor GCs are expected to be systematically older
han the metal-rich GCs. This model predicts an age spread among
he GCs. More importantly, clusters of intermediate age ( ∼5–10 Gyr)
re expected to be present among the objects classified as GCs from
hotometric data. On the other hand, in the accretion scenario both
he metal-rich and metal-poor GCs were present in the host galaxies
efore the merger event. Under such circumstances, the relative ages
f the metal-rich and metal-poor GCs depend on the formation epochs
f low-mass GCs and massive haloes (see Peebles 1984 ; Rosenblatt,
aber & Blumenthal 1988 ). 
Most of the analysis of spectroscopic data of GCs hitherto have

een focused on obtaining their metallicity. Modern techniques of
nalysis of spectral data of unresolved stellar populations allow the
etermination of ages and metallicities with enough precision to
e able to distinguish the predictions of these two cosmological
cenarios of galaxy formation. We use new spectroscopic data
f the GC systems in M81, a nearby giant spiral (Sab) galaxy
ocated at 3.61 Mpc (Tully et al. 2013 ), along with available data
n other GC systems, to look for the presence of intermediate-
ge clusters and also explore the age–metallicity relation in GC
ystems. 

The population of GCs in M81 has been studied in the past by
everal authors. Perelmuter & Racine ( 1995 ) found ∼70 objects
lassified as cluster candidates in the inner 11 kpc. In a similar
ay, Nantais et al. ( 2010a ) and Santiago-Cort ́es, Mayya & Rosa-
onz ́alez ( 2010 ) studied the star clusters population in M81 using the

vailable data from the Hubble Space Telescope /Advance Camera for
urv e ys ( HST /ACS), which consisted of 29 adjacent fields co v ering
 field of view of ∼340 arcmin 2 with a sampling of 0.05 arcsec
ix el −1 (0.88 pc pix el −1 ), reporting 233 and 172 GC candidates,
espectively . More recently , Chies-Santos et al. ( 2022 ) studied a
ample of GC candidates around the M81 group (M81, M82, and
GC 3077), using wide-field ground-based images, reporting 642
ew GC candidates in a region of 3.5 deg 2 around the triplet. Some
f the GC candidates have been targets of follow-up spectroscopic
bservations. Perelmuter, Brodie & Huchra ( 1995 ) analysed spectra
f 82 GC candidates using the relative strengths of H δ, Ca I
4227, and Fe I λ4045, confirming 25 of them as bonafide GCs.
antais et al. ( 2010b ) obtained spectra of 74 GCs and determined
etallicities for GCs using an empirical calibration based on MW
Cs. They found a mean metallicity of [ Fe / H] = −1.06 ± 0.07
ex. 
The main goal of this work is the determination of age and
etallicity for the GC candidates in M81 using spectroscopic data
ith the OSIRIS instrument at the 10.4-m Gran Telescopio Canarias

GTC). In Section 2 , we describe the sample of GC candidates, the
pectroscopic data, reduction, and extraction. We explain the age
nd metallicity determination methods in Section 3 . In Section 4 , we
arry out a detailed analysis of the determined age and metallicity
f the GC candidates. In Section 5 , we combine the M81 data with
imilar data from the literature for other spiral galaxies to address the
ge and metallicities of the GCs in spiral galaxies in the cosmological
ontext. 

 SAMPLE  A N D  SPECTROSCOPIC  DATA  

antiago-Cort ́es, Mayya & Rosa-Gonz ́alez ( 2010 ) (hereafter S10 )
nalysed HST images of M81 using multipointing observations with
he ACS in F 435 W ( B ), F 606 W ( V ), and F 814 W ( I ) bands. The
opulation of stellar clusters was classified in two subpopulations:
oung (blue) 3 Myr to 2 Gyr and old (red) � 5 Gyr. They obtained 263
lue and 172 red star clusters. The selection criteria of stellar clusters
NRAS 528, 1445–1459 (2024) 
as based on structural parameters obtained with SE XTRACTOR 

1 

Bertin & Arnouts 1996 ): FWHM , AREA , and ELLIPTICITY ; and an
volutionary parameter, the photometric colour. 

We carried out a spectroscopic campaign to observe a subsample
f star clusters catalogued by S10 using the OSIRIS instrument at
he 10.4-m GTC. The observational campaign consisted of three
uns, one each in 2010, 2012, and 2014, totalling eight independent
ointings. The footprints of these pointings are shown in Fig. 1 , with
he observational details for each pointing given in Table 1 . The 2010
nd 2012 observations were carried out using long-slits whereas the
014 observations were carried out in the multi-object spectroscopic
MOS) mode. The number of GCs N GC in each pointing is given in
olumn (11) in Table 1 . The targets for observations included blue
bjects, which were super star cluster (SSCs), GCs, and suspected
uzzy clusters. The pointing 2014A-MOS3 was specially designed
or the observation of GC candidates, where 25 GCs were observed.
he pointing 2014A-MOS1 and 2014A-MOS3 included blue objects,
hich were SSCs and suspected Fuzzy clusters. In these different
bservational runs, 47 GC candidates were targeted. Howev er, fiv e
f them were too close to the slit borders for a reliable spectral
xtraction. Hence, the final sample of GC candidates with extracted
pectra contained 42 objects. Results obtained from spectra targeted
owards SSCs helped to detect individal Wolf–Rayet stars in M81 (see
 ́omez-Gonz ́alez, Mayya & Rosa-Gonz ́alez 2016 ). Some slits passed

hrough nebular regions, which helped to obtain nebular abundance
nd its gradient in M81 (see Arellano-C ́ordova et al. 2016 ). Spectra
f the brightest GC, M81-GC1 was analysed by Mayya et al.
 2013 ). 

https://www.astromatic.net/software/sextractor
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Table 1. Log of the long-slit and MOS spectroscopic observations with GTC/OSIRIS in M81. 

Run PI Date PA SW Exp. time AM Seeing Night Std N GC 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

2010A-LS2 D. Rosa-Gonz ́alez 2010-04-05 6.24 1.00 3 × 900 1.33 0.80 G Feige34 3 
2010A-LS4 D. Rosa-Gonz ́alez 2010-04-05 105.20 1.00 3 × 900 1.56 0.80 G Feige34 1 
2010A-LS5 D. Rosa-Gonz ́alez 2010-04-06 127.20 1.00 3 × 900 1.43 0.80 G Feige34 1 
2012B-LS1 Y. D. Mayya 2013-01-12 250.50 1.23 3 × 1500 1.31 0.79 D Feige34 2 
2012B-LS2 Y. D. Mayya 2013-01-12 247.00 1.23 3 × 1500 1.40 0.97 D Feige34 2 
2014A-MOS1 Y. D. Mayya 2014-04-03 0.00 1.20 3 × 1308 1.31 0.90 D Ross 640 5 
2014A-MOS2 Y. D. Mayya 2014-03-23 0.00 1.20 3 × 1308 1.35 1.00 D Ross 640 8 
2014A-MOS3 Y. D. Mayya 2014-04-03 0.00 1.20 3 × 1308 1.34 0.80 D Ross 640 25 

Notes. (1) Observation run. (2) Principal investigator (PI). (3) Observational date (year-month-day). (4) Position angle ( ◦) of the slit as 
measured on the astrometrized image. (5) Slit-width (arcsec). (6) Exposure time (number of exposures × integration time in seconds). 
(7) Mean airmass of the three integrations. (8) Seeing (arcsec). (9) Night (G = grey or D = dark), clear skies (cirrus reported only for 
2010A-LS5). (10) Standard star name. (11) GCs number in each observation campaign. 
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.1 Spectroscopic obser v ational details 

ur sample has spectra of 42 of the 172 GC candidates reported in
10 . All observations were carried out with the OSIRIS spectrograph 
t the Nasmyth-B focus using the R1000B grism with a slit-width
.0–1.23 arcsec, co v ering a spectral range from 3700 to 7500 Å
ith a spectral resolution of ∼7 Å measured at λC = 5455 Å. We

elected the observation mode with a binning of 2 × 2, obtaining a
patial scale of 0.254 arcsec pixel −1 (in the horizontal axis), and a
pectral sampling of ∼2 Å pixel −1 (in the vertical axis). In Table 1 ,
e summarize the observational specifications: Observational run 

column 1), PI (column 2), observation date (column 3), slit position 
ngle (column 4), slit-width in arcsec (column 5), exposure time 
column 6), air mass (column 7), observational seeing (column 8), 
ky type (column 9), standard stars (column 10), and N GC in each
ampaign observation (column 11). 

In Table 2 , we tabulate the photometric and spectroscopic param- 
ters of our sample of GC candidates. Object IDs (column 1) are
aken from Lomel ́ı-N ́u ̃ nez et al. ( 2022 ) (hereafter L22 ). Coordinates
RA, Dec.) in J2000 epoch (columns 2 and 3), B -magnitude (column
), and ( B − I ) 0 colour (column 5) taken from S10 , ( u − g ) 0 
olour (column 6) are taken from L22 , observed velocity (column 
), root-mean-square (RMS), and signal-to-noise ratio (SNR) of the 
ontinuum are measured in our spectra at 4190 Å (columns 8 and 
). Quality ( Q ) of spectra of each GC candidate, which is obtained
y visual inspection and is mainly based on a combination of the
NR, sky subtraction accuracy, and position of the object in the 
litlet (10). A more detailed description about Q parameter is given 
n Section 2.3 . Observation run for each GC candidate (11), and its
ame from S10 (column 12) are also given. 

.2 Data reduction and spectral extraction 

oth the long-slit and MOS spectral images were reduced using 
TCMOS 

2 , which is a dedicated pipeline devoted to the reduction 
f OSIRIS/GTC observational blocks (OBs). The main steps in the 
eduction process are the following: (i) joining the two CCD images 
nto a single mosaic image; (ii) bias subtraction; (iii) wavelength 
alibration; and (iv) flux calibration using standard stars (column 10 
f Table 1 ). Wavelength calibration was carried out for each slitlet
sing the arc lamp images using the same slit mask as that used for
ource observations. The final product is a 2D spectra corrected 
or geometric distortions, wavelength, and flux calibrated. For a 
 https:// www.inaoep.mx/ ∼ydm/ gtcmos/ gtcmos.html 

c  

a  

a  
ore detailed description of the software and reduction method, 
ee G ́omez-Gonz ́alez, Mayya & Rosa-Gonz ́alez ( 2016 ). 

Given the relative faintness of the extragalactic GCs compared to 
he combined brightness of sky and disc background, it is crucial for
he purpose of this study to maximize the SNR while extracting
D spectra from the wavelength and flux calibrated 2D images. 
ence, each of the 42 spectra was extracted interactively using the

RAF task apall . In all cases, the continuum was strong enough for
 reliable tracing of the spectrum. Extraction of the spectra was
arried out using a fixed window size of ∼4 pixels (1 arcsec) centred
n the trace axis. For each object, a sky + background spectrum
s extracted in windows of 3–6 pixel widths on either side of the
bject, which is then scaled to the size of object extraction window
nd subtracted to get pure GC spectra. For MOS observations, the
ackground window was chosen in slitlets specially reserved for that 
urpose, when the slitlet containing the object did not have enough
ackground pixels. In either case, we ensured by examining visually 
he HST /ACS multiband images that the surface brightness of the
isc in the zone selected for the extraction of the sky + background
pectrum is as close to that in the vicinity of the target GC. 

In Fig. 2 , we show an example of an extracted spectrum of a GC
andidate, where we indicate the position of some of the prominent
eatures observed in GC spectra. For the sake of clarity, the spectrum
s shown in two sections: the bluer range (3900 −6000 Å) which has

ost of the GC features (Ca II K, Ca II H, CNR, G band, MgH, Mg2,
gb, Fe52, Fe53, and F54), and a red window (6450–6800 Å) for

he H α line. The undisplayed middle part is featureless in all cases.
he H α and H β are used to obtain an average radial velocity of
ach GC candidate. All spectra shown in this work are in the rest
rame after correcting for the Doppler shift using the average radial
elocity. 

.3 Spectral quality 

n the whole sample, we have nine objects with SNR at 4190 Å <

0, 11 objects with 10 ≤ SNR ≤ 20, and 22 with SNR > 20. In Fig. 3 ,
e show examples for three values (low, intermediate, and high) of

ontinuum SNR. The spectra were normalized to their flux at 5500 Å
nd vertically shifted adding an arbitrary constant. For the medium 

nd low SNR spectra, we also show smoothed versions of the spectra.
t can be noted that the absorption features can be identified in the
moothed spectrum even though they are buried in the noise in the
ase of low SNR spectrum. On the other hand, absorption features
re identifiable without the need for smoothing for SNR > 10. We
ssigned a quality index of good (G) or bad (B) for each extracted
MNRAS 528, 1445–1459 (2024) 
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Table 2. Sample of GC candidates. 

RA(J2000) b Dec.(J2000) b F435 W 0 
b ( F 435 W − F 814 W ) 0 b ( u − g) 0 a v obs RMS SNR Quality Run Object b 

Name a (h:m:s) (d:m:s) (mag) (mag) (mag) (km s −1 ) (erg cm 

−2 s −1 Å) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

GC1 9:55:21.880 + 69:06:37.88 17.83 2.06 1.63 ± 0.10 152.60 4.33e −17 22.10 G 2010A-LS5 R05R06584 
GC3 9:55:39.975 + 69:04:10.37 18.59 1.81 1.43 ± 0.10 372.30 1.41e −17 34.80 G 2014A-MOS3 R10R03509 
GC4 9:56:08.387 + 69:03:51.35 18.76 2.16 1.82 ± 0.10 −218.97 4.51e −18 25.70 G 2012B-LS2 R10R10692 
GC5 9:55:45.870 + 69:03:00.70 18.77 2.24 1.47 ± 0.10 −192.60 6.04e −18 30.90 G 2012B-LS2 R10R09559 
GC7 9:55:22.028 + 69:05:19.13 19.14 2.12 1.71 ± 0.10 −20.57 9.42e −18 27.30 G 2014A-MOS1 R05R10583 
GC8 9:56:11.101 + 68:59:00.67 19.38 2.28 1.68 ± 0.10 −18.51 1.09e −18 6.80 B 2012B-LS1 R13R19709 
GC9 9:55:37.245 + 69:02:07.77 19.51 2.34 2.18 ± 0.10 −90.06 3.75e −18 34.00 G 2014A-MOS3 R09R02463 
GC10 9:55:54.472 + 69:02:52.80 19.56 2.21 1.55 ± 0.10 −10.51 3.19e −18 36.90 G 2014A-MOS3 R10R11944 
GC11 9:55:37.763 + 69:03:28.16 19.56 1.80 1.85 ± 0.10 152.34 2.88e −18 40.70 G 2014A-MOS3 R10R05960 
GC13 9:55:32.809 + 69:06:40.01 19.72 2.07 1.67 ± 0.10 −127.04 3.43e −18 27.60 G 2014A-MOS3 R06R15013 
GC16 9:55:51.816 + 69:07:39.74 19.88 2.27 1.64 ± 0.10 −82.26 5.38e −18 23.60 G 2010A-LS4 R06R03030 
GC27 9:55:57.695 + 69:02:23.34 20.41 2.27 1.54 ± 0.10 −107.85 2.45e −18 22.20 G 2014A-MOS3 R10R14199 
GC29 9:55:50.181 + 68:58:22.91 20.57 2.02 1.44 ± 0.10 −220.98 1.36e −18 30.00 G 2012B-LS1 R12R17286 
GC32 9:55:39.307 + 69:05:32.87 20.64 1.81 2.08 ± 0.10 149.25 3.95e −18 14.00 B 2014A-MOS3 R06R14067 
GC44 9:55:19.182 + 69:05:50.35 20.98 2.50 1.92 ± 0.10 279.33 1.94e −18 12.80 G 2014A-MOS1 R05R08459 
GC46 9:55:31.034 + 69:06:02.44 21.04 2.44 1.70 ± 0.10 209.01 1.84e −18 13.50 G 2014A-MOS1 R06R17963 
GC47 9:55:40.447 + 69:05:24.98 21.06 2.60 3.03 ± 0.10 201.64 1.25e −18 24.10 G 2014A-MOS3 R06R13765 
GC55 9:54:46.269 + 69:03:57.49 21.16 2.29 2.09 ± 0.10 30.60 2.54e −18 6.00 B 2010A-LS2 R04R10733 
GC59 9:55:38.468 + 69:06:55.29 21.28 2.96 2.36 ± 0.10 408.48 1.39e −18 16.50 G 2014A-MOS3 R06R11333 
GC60 9:55:36.700 + 69:06:33.18 21.29 2.42 2.00 ± 0.10 278.55 9.79e −19 21.10 G 2014A-MOS3 R06R13269 
GC61 9:55:41.294 + 69:03:11.48 21.35 2.28 1.54 ± 0.10 −103.77 2.15e −18 12.10 G 2014A-MOS3 R10R07655 
GC62 9:55:20.134 + 69:05:37.88 21.37 2.12 1.27 ± 0.10 184.19 1.14e −18 12.60 G 2014A-MOS1 R05R09834 
GC66 9:54:51.016 + 69:07:50.33 21.44 2.66 1.78 ± 0.10 203.25 1.18e −18 21.10 G 2014A-MOS1 R02R14402 
GC70 9:55:23.753 + 69:04:59.70 21.54 1.96 2.43 ± 0.10 121.53 4.53e −18 27.80 G 2014A-MOS1 R05R11972 
GC79 9:55:30.063 + 69:01:59.74 21.75 2.19 1.87 ± 0.10 86.49 1.39e −18 11.20 G 2014A-MOS3 R09R02775 
GC80 9:55:34.372 + 69:06:42.49 21.75 1.89 2.97 ± 0.10 129.54 1.38e −18 28.40 G 2014A-MOS1 R06R14078 
GC82 9:55:40.744 + 69:02:37.68 21.75 2.05 1.74 ± 0.10 −225.51 1.45e −18 10.10 B 2014A-MOS3 R09R03511 
GC87 9:54:50.267 + 69:05:08.63 21.89 2.03 2.36 ± 0.10 −3.79 5.99e −19 19.30 G 2014A-MOS1 R04R02765 
GC91 9:55:36.792 + 69:04:55.56 21.99 1.90 1.45 ± 0.10 −95.40 1.12e −18 9.10 B 2014A-MOS3 R06R15901 
GC98 9:55:30.647 + 69:01:28.96 22.18 2.14 1.77 ± 0.10 −214.17 9.48e −19 4.00 B 2014A-MOS3 R09R01598 
GC103 9:55:40.954 + 69:05:04.11 22.25 2.14 1.97 ± 0.10 94.11 2.15e −18 30.30 G 2014A-MOS3 R06R14042 
GC104 9:55:23.335 + 69:04:52.76 22.25 2.36 1.02 ± 0.10 145.74 2.04e −18 30.20 G 2014A-MOS2 R05R12224 
GC111 9:55:33.429 + 69:02:32.06 22.70 2.31 1.23 ± 0.10 24.68 9.90e −19 6.10 B 2014A-MOS3 R09R03952 
GC114 9:55:31.260 + 69:06:18.35 22.83 2.45 1.36 ± 0.10 174.69 1.51e −18 27.60 G 2014A-MOS1 R06R15830 
GC123 9:55:37.304 + 69:01:25.73 23.11 1.95 0.78 ± 0.10 −68.12 3.65e −18 7.70 B 2014A-MOS3 R09R01067 
GC125 9:55:31.847 + 69:07:12.65 23.17 2.80 1.57 ± 0.10 133.18 7.25e −19 6.90 B 2014A-MOS3 R06R14182 
GC134 9:55:50.260 + 69:02:42.93 23.56 2.65 0.39 ± 0.10 −83.58 1.84e −18 2.20 B 2014A-MOS3 R10R11530 
GC135 9:55:30.759 + 69:07:38.95 19.05 2.05 0.49 ± 0.10 100.05 2.56e −18 50.60 G 2014A-MOS3 R06R14272 
GC136 9:54:47.159 + 69:05:24.36 20.66 2.04 1.43 ± 0.10 −88.89 2.88e −18 15.50 G 2014A-MOS1 R05R04684 
GC146 9:54:48.938 + 69:06:05.74 22.53 1.95 – 114.87 1.84e −18 2.00 B 2010A-LS2 R05R01311 
GC159 9:55:37.041 + 69:04:15.70 20.86 – 2.30 ± 0.10 193.66 9.62e −18 33.80 G 2014A-MOS3 R10R02298 
GC160 9:55:39.966 + 69:04:32.48 21.00 – 1.70 ± 0.10 −90.48 1.47e −18 13.40 B 2014A-MOS3 R10R01848 

Notes. (1) GC candidate name. (2, 3) Right ascension and declination coordinates (J2000). (4) B -magnitude from HST - F 435 W band corrected for galactic extinction. (5) Colour ( B −
I ) 0 , corrected for galactic extinction. (6) Colour ( u − g ), corrected for galactic e xtinction. (7) Observ ed mean velocity estimated with H α and H β absorption lines, v obs in km s −1 . (8, 
9) RMS and SNR pixel −1 measured at 4190 Å in the continuum. (10) Quality ( Q ) parameter of spectra was assigned by visual inspection: B = bad, G = good. (11) Observation run 
for each GC candidate. (12) Name of GC candidates from S10 . 
a Values from L22 . 
b Values from S10 . 
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pectrum, which is based on the SNR, accuracy of sky subtraction,
nd the positioning of the object in the slitlet. For a spectrum to be
ssigned a G quality, it has to have an SNR of at least 10. All spectra
ith SNR < 10, and some spectra with SNR > 10, are assigned a B
uality if the sky-subtracted spectrum showed unphysical continuum
hape (e.g. wavy nature, ne gativ e flux es etc.), or the object was at the
dge of a slitlet, in which case the spectrum does not co v er the entire
argeted wavelength range. In column (10) of Table 2 , we list the
pectral quality for each GC spectrum. In total, spectra for 12 GCs
ith Quality B are not useful for our analysis. Thus the spectroscopic

ample consists of 30 objects with Quality parameter G. 

 ANALYSIS  

n this section, we describe in detail the methods we have used to
etermine the metallicity and ages of the GC candidates. 
NRAS 528, 1445–1459 (2024) 
.1 H β† versus [MgFe] ′ grid method 

o begin with, we follow the classical grid method suggested
y Thomas, Maraston & Korn ( 2004 ; see also Brodie & Huchra
990 ) in the H β† versus [MgFe] ′ for a first approximation of age
nd metallicity. This involves measurement of hydrogen (H β† ),
agnesium (Mgb † ), and iron (Fe5270 † and Fe5335 † ) line strengths
hich were measured using the Lick/IDS index definitions from
rager et al. ( 1998 ) for equi v alent width: 

W = 

∫ λ2 

λ1 

(
1 − F I 

F BC + F RC 

)
d λ, (1) 

here F I is the mean flux measured in the centre of the index (column
 in Table 3 ), F BC and F RC are the mean flux in the continuum
andpass in both sides of the index, blue continuum (BC, column
 in Table 3 ) and red continuum (RC, column 4 in Table 3 ). The
pectral ranges of the indices measured with this definition are listed



Ages and metallicities of M81 GCs 1449 

Figure 2. Example of the extracted spectrum of a GC candidate. In this case, 
we show the GC named GC16. The observed flux (normalized at 5500 Å) 
from (i) 3900 to 6000 Å (blue line) and (ii) 6450 to 6800 Å (red line) is 
plotted. 

Figure 3. Comparison of spectral quality: Spectrum with low SNR (red line), 
medium SNR (blue line), and high SNR (black line). In the cases of low and 
medium SNR, we superposed their smoothed spectra in black colour. 

Table 3. Spectral indices. 

Index BC I RC 

name ( Å) ( Å) ( Å) 
(1) (2) (3) (4) 

CNR 4082.00 4118.50 4144.00 4177.50 4246.00 4284.75 
G 4268.25 4283.25 4283.25 4317.00 4320.75 4335.75 
MgH 4897.00 4958.00 5071.00 5134.75 5303.00 6366.75 
Mg2 4897.00 4958.00 5156.00 5197.25 5303.00 6366.75 
Mgb 5144.50 5162.00 5162.00 5193.25 5193.25 5207.00 
Fe52 5235.50 5249.25 5248.00 5286.75 5288.00 5319.25 
Fe53 5307.25 5317.25 5314.75 5353.50 5356.00 5364.75 
Fe54 a 5376.25 5387.50 5387.50 5415.00 5415.00 5425.00 
H βa 4827.875 4847.875 4847.875 4876.625 4876.625 4891.625 
Mgb a 5142.625 5161.375 5160.125 5192.625 5191.375 5206.375 
Fe52 a 5233.150 5248.150 5245.650 5285.650 5285.650 5318.150 
Fe53 a 5304.625 5315.875 5312.125 5352.125 5353.375, 5363.375 

a Index definition from Trager et al. ( 1998 ). 
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n the last four rows of Table 3 . Thomas, Maraston & Bender ( 2003 )
ealized that the [MgFe] ′ is independent of [ α/Fe] and is a good tracer
f metallicity. This index is determined as 

MgFe] ′ = 

√ 

Mgb † (0 . 72 × Fe52 † + 0 . 28 × Fe53 † ) . (2) 

e used those indices for constructing the inde x–inde x diagram for a
rst-approximation age and metallicity values. The calculated indices 
or all our GC candidates are tabulated in Table 4 . Error on each
ndex was calculated by performing 1000 Monte Carlo simulations 
sing the rms errors on the fluxes as the sigma of the Gaussian error
istribution. In Fig. 4 , we show our sample of GC candidates in the
 β† versus [MgFe] ′ diagram, where we also plot the theoretical age–
etallicity grids using the simple stellar populations (SSP) models 

f Bruzual & Charlot ( 2003 ). Most of the GC candidates in the
gure have H β† < 2.5 Å, and are located in the grid where the SSP
ges are older than 8 Gyr and metallicity subsolar, similar to the
alues for the Galactic GCs. Hence, for these objects, we obtained
he metallicities using the empirical relation between the Fe index 
nd metallicity suitable for the Galactic GCs, as explained in the
ext section. Ho we ver, there are eight GC candidates whose location
n Fig. 4 suggests that they are relatively young as compared to the
lassical Galactic GCs to be able to apply the Galactic Fe index–
etallicity relation. Six of these have H β† ≥ 2.5 Å, suggesting ages

ess than ∼3 Gyr. The remaining two objects (GC29, GC136) show
 α in emission, which is most likely originating from the diffuse

onized gas in the disc, suggesting that the H β† line is contaminated
y the nebular line and hence for these the determined H β† index is
 lower limit, and hence likely to be younger than classical Galactic
Cs. For these eight objects, we assign the metallicity value of the

losest SSP models. 
Three of these (GC44, GC60, GC114) have [MgFe] ′ ≥ 2.5 Å, 

hich corresponds to supersolar metallicity SSP models ([Fe/H] = 

.288). The remaining GCs are closest to SSP tracks corresponding 
o [Fe/H] = −1.249 (GC11, GC87), −1.647 (GC47), and 0.066 
GC29, GC 136). The SSP metallicity obtained from the grid method
s expected to be less accurate than that obtained using the Fe indices
escribed below. Hence, the eight objects to which we assign their
etallicity using the grid method are distinguished from the rest by
 separate symbol in the corresponding Figures, and are also marked
s ’a’ in Tables 5 and 7 . 

.2 Metallicity from Fe indices 

e calculated the well-known Lick indices (Burstein et al. 1984 )
or all the GCs that have quality parameter G in Table 2 . For
he calculation of spectral indices of our sample of GC candidates
bserved with GTC/OSIRIS (R1000B), we used the definition from 

rodie & Huchra ( 1990 ) 

 = −2 . 5 log 10 

[
2 
∫ λ2 

λ1 

F I 

F BC + F RC 
d λ

]
, (3) 

here F I is the mean flux measured in the centre of the index (column
 in Table 3 ), F BC and F RC are the mean flux in the continuum
andpass in both sides of the index, blue continuum (BC, column 2 in
able 3 ) and red continuum (RC, column 4 in Table 3 ). The first eight

ndices listed in Table 3 are measured using equation ( 3 ), whereas
he remaining four are measured according to the definition of Trager
t al. ( 1998 ). Error on each index was calculated performing 1000
onte Carlo simulations using equation ( 3 ), by taking into account

he uncertainties of the fluxes F I , F BC , and F RC . The calculated
pectral indices, along with their errors, are listed in Table 5 . 
MNRAS 528, 1445–1459 (2024) 
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Table 4. Spectral indices from Trager et al. ( 1998 ) and [MgFe] ′ . 

GC H β† Mgb † Fe52 † Fe53 † [MgFe] ′ 
( Å) ( Å) ( Å) ( Å) ( Å) 

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

GC1 2.02 ± 0.010 2.81 ± 0.012 2.19 ± 0.010 1.97 ± 0.005 2.44 ± 0.014 
GC3 1.75 ± 0.006 1.32 ± 0.003 1.24 ± 0.001 0.80 ± 0.002 1.22 ± 0.005 
GC4 1.66 ± 0.008 3.41 ± 0.009 2.42 ± 0.010 1.96 ± 0.005 2.79 ± 0.011 
GC5 1.78 ± 0.009 3.55 ± 0.012 2.68 ± 0.010 2.06 ± 0.006 2.98 ± 0.015 
GC7 1.75 ± 0.009 3.04 ± 0.010 2.29 ± 0.010 2.22 ± 0.005 2.63 ± 0.012 
GC9 1.88 ± 0.011 3.51 ± 0.014 2.29 ± 0.010 2.33 ± 0.006 2.84 ± 0.016 
GC10 1.95 ± 0.011 2.45 ± 0.009 1.82 ± 0.001 1.80 ± 0.004 2.11 ± 0.011 
GC11 2.99 ± 0.010 1.05 ± 0.004 0.81 ± 0.001 1.45 ± 0.002 1.02 ± 0.006 
GC13 2.06 ± 0.010 1.90 ± 0.008 1.48 ± 0.001 1.57 ± 0.003 1.70 ± 0.009 
GC16 2.02 ± 0.012 3.51 ± 0.012 2.05 ± 0.010 2.02 ± 0.005 2.68 ± 0.016 
GC27 1.50 ± 0.010 3.68 ± 0.009 2.17 ± 0.010 1.79 ± 0.004 2.76 ± 0.013 
GC29 1.43 ± 0.004 0.62 ± 0.006 0.67 ± 0.001 0.96 ± 0.003 0.69 ± 0.007 
GC44 3.22 ± 0.009 4.12 ± 0.009 2.99 ± 0.010 3.84 ± 0.007 3.65 ± 0.014 
GC46 2.22 ± 0.011 4.80 ± 0.014 2.95 ± 0.010 3.32 ± 0.005 3.83 ± 0.017 
GC47 2.58 ± 0.013 0.53 ± 0.007 0.71 ± 0.001 0.26 ± 0.001 0.56 ± 0.008 
GC59 2.46 ± 0.010 2.35 ± 0.006 1.74 ± 0.001 0.80 ± 0.003 1.86 ± 0.008 
GC60 2.96 ± 0.012 3.78 ± 0.010 2.61 ± 0.010 2.13 ± 0.005 3.06 ± 0.014 
GC61 1.30 ± 0.006 3.17 ± 0.009 2.29 ± 0.010 2.31 ± 0.006 2.70 ± 0.014 
GC62 2.00 ± 0.012 0.34 ± 0.012 2.28 ± 0.010 1.18 ± 0.008 0.82 ± 0.016 
GC66 2.03 ± 0.012 3.92 ± 0.013 2.54 ± 0.010 2.77 ± 0.006 3.20 ± 0.016 
GC70 1.70 ± 0.007 3.52 ± 0.009 2.49 ± 0.010 2.50 ± 0.005 2.96 ± 0.011 
GC79 2.22 ± 0.015 2.87 ± 0.011 2.83 ± 0.010 1.59 ± 0.004 2.67 ± 0.017 
GC80 1.69 ± 0.008 2.36 ± 0.004 1.89 ± 0.010 1.56 ± 0.003 2.06 ± 0.007 
GC87 3.10 ± 0.019 0.63 ± 0.005 2.10 ± 0.020 0.35 ± 0.006 1.01 ± 0.019 
GC103 – 2.10 ± 0.011 1.98 ± 0.001 1.63 ± 0.004 1.99 ± 0.012 
GC104 2.27 ± 0.009 3.68 ± 0.007 2.89 ± 0.010 2.51 ± 0.005 3.21 ± 0.010 
GC114 2.94 ± 0.011 3.23 ± 0.005 2.36 ± 0.010 2.35 ± 0.004 2.76 ± 0.009 
GC135 2.47 ± 0.012 1.52 ± 0.007 1.50 ± 0.001 1.46 ± 0.004 1.50 ± 0.009 
GC136 2.40 ± 0.016 – 3.74 ± 0.010 3.37 ± 0.004 1.91 ± 0.011 
GC159 1.47 ± 0.004 2.75 ± 0.005 2.02 ± 0.010 1.62 ± 0.003 2.29 ± 0.008 

Notes. (1) GC name. (2) H β† . (3) Mgb † . (4) Fe52 † . (5) Fe53 † . 

Figure 4. Inde x–inde x diagram H β† v ersus [MgFe] ′ for the sample of GC 

candidates (green solid dots). The grid represents the SSP models from 

Bruzual & Charlot ( 2003 ), with metallicities Z = 0.0004, 0.001, 0.004, 0.008, 
0.019, and 0.05 and ages 0.5, 1, 3, 5, 8, 11, and 15 Gyr. Black dashed line 
is the limit of ∼3 Gyr to separate GCs from young intermediate reddened 
cluster. 
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We used the empirical relations between three iron indices (Fe52,
e53, and Fe54) and the metallicity used in Mayya et al. ( 2013 ) to

nfer the chemical abundance of the GC candidates. The behaviour of
ach spectral index as a function of the metallicity is well described
y a second-order equation: 

[ Fe / H] − k) 2 = 4 p( Index − h ) . (4) 

here k , p , and h are empirically deri ved coef ficients. The fits are
isplayed in the windows: Fe52, Fe53, and Fe54 in Fig. 6 . To calibrate
he abo v e relationship, the MW–GCs (Schia v on et al. 2005 ) and
SP models were used. Because the SSP spectrum (see Section 3.3
or SSP description) have a higher resolution than the observed, the
ndices and metallicities determination were obtained after degrading
he model to the same wavelength step of the observed spectrum.
nce our observed and SSP spectra were matched in resolution and

ampling, we used the equation ( 4 ) (coefficients k , p , and h are given
n Table 6 ) to calculate the metallicity. The metallicity reported in
able 5 is the weighted mean from the three iron indices. The error

n [ Fe / H] reported in Table 5 was calculated propagating the error
f the Fe indices, along with the uncertainty of the coefficients: k , p ,
nd h . 

In Fig. 5 , we compare the metallicity obtained here with those
etermined by Nantais et al. ( 2010b ; hereafter N10 ) for 12 GC
andidates that are common between the two samples. The two
easurements agree between each other (solid line of unit slope),
ithin the quoted errors. Ho we ver, we note here that N10 reported
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Table 5. Metallicities and spectral indices measured. 

Name [Fe/H] CNR G MgH Mg2 Mgb Fe52 Fe53 Fe54 
(dex) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

GC1 −0.584 ± 0.319 0.047 ± 0.009 0.129 ± 0.027 0.061 ± 0.008 0.157 ± 0.015 0.105 ± 0.019 0.062 ± 0.012 0.052 ± 0.008 0.055 ± 0.004 
GC3 −1.374 ± 0.254 −0.024 ± 0.004 0.083 ± 0.008 0.064 ± 0.002 0.118 ± 0.006 0.040 ± 0.004 0.035 ± 0.004 0.013 ± 0.005 0.024 ± 0.003 
GC4 −0.613 ± 0.275 0.044 ± 0.010 0.191 ± 0.030 0.055 ± 0.007 0.158 ± 0.015 0.132 ± 0.015 0.069 ± 0.010 0.052 ± 0.008 0.052 ± 0.004 
GC5 −0.416 ± 0.305 0.090 ± 0.008 0.186 ± 0.033 0.064 ± 0.007 0.175 ± 0.015 0.132 ± 0.017 0.078 ± 0.012 0.055 ± 0.009 0.063 ± 0.004 
GC7 −0.515 ± 0.258 0.067 ± 0.008 0.164 ± 0.025 0.094 ± 0.007 0.174 ± 0.010 0.114 ± 0.015 0.068 ± 0.010 0.064 ± 0.006 0.055 ± 0.004 
GC9 −0.182 ± 0.334 0.076 ± 0.012 0.155 ± 0.033 0.069 ± 0.009 0.211 ± 0.014 0.138 ± 0.023 0.075 ± 0.014 0.069 ± 0.009 0.080 ± 0.006 
GC10 −0.976 ± 0.256 0.008 ± 0.013 0.159 ± 0.021 0.032 ± 0.007 0.134 ± 0.010 0.092 ± 0.015 0.052 ± 0.010 0.051 ± 0.005 0.033 ± 0.003 
GC11 a −1.2486 0.006 ± 0.010 0.105 ± 0.016 0.025 ± 0.006 0.060 ± 0.006 0.038 ± 0.006 0.019 ± 0.007 0.036 ± 0.003 0.031 ± 0.007 
GC13 −1.155 ± 0.252 0.014 ± 0.009 0.118 ± 0.022 – 0.089 ± 0.008 0.072 ± 0.012 0.043 ± 0.007 0.040 ± 0.005 0.022 ± 0.004 
GC16 −0.542 ± 0.417 0.064 ± 0.018 0.138 ± 0.041 0.057 ± 0.009 0.172 ± 0.018 0.136 ± 0.019 0.066 ± 0.015 0.049 ± 0.011 0.059 ± 0.007 
GC27 −0.689 ± 0.359 0.005 ± 0.017 0.208 ± 0.044 0.066 ± 0.008 0.184 ± 0.022 0.134 ± 0.014 0.058 ± 0.010 0.040 ± 0.010 0.051 ± 0.005 
GC29 a 0.0660 −0.075 ± 0.014 0.009 ± 0.009 0.027 ± 0.006 0.067 ± 0.008 0.012 ± 0.009 0.012 ± 0.004 0.005 ± 0.005 0.022 ± 0.004 
GC44 a 0.2883 0.022 ± 0.023 0.005 ± 0.036 0.107 ± 0.017 0.227 ± 0.022 0.130 ± 0.016 0.075 ± 0.019 0.103 ± 0.015 0.072 ± 0.008 
GC46 −0.175 ± 0.379 0.122 ± 0.028 0.232 ± 0.046 0.090 ± 0.015 0.235 ± 0.022 0.176 ± 0.021 0.086 ± 0.015 0.089 ± 0.012 0.070 ± 0.008 
GC47 a −1.6469 −0.068 ± 0.014 0.122 ± 0.015 0.019 ± 0.007 0.043 ± 0.006 0.017 ± 0.012 0.018 ± 0.005 0.008 ± 0.004 0.044 ± 0.005 
GC59 −0.833 ± 0.458 −0.034 ± 0.011 0.121 ± 0.016 0.066 ± 0.007 0.126 ± 0.010 0.083 ± 0.014 0.057 ± 0.007 0.027 ± 0.006 0.169 ± 0.033 
GC60 a 0.2883 0.096 ± 0.019 0.173 ± 0.038 0.100 ± 0.010 0.207 ± 0.013 0.140 ± 0.023 0.084 ± 0.017 0.068 ± 0.009 0.081 ± 0.009 
GC61 −0.663 ± 0.490 0.027 ± 0.032 0.101 ± 0.034 0.038 ± 0.016 0.165 ± 0.019 0.119 ± 0.015 0.071 ± 0.013 0.059 ± 0.017 0.043 ± 0.009 
GC62 −1.012 ± 0.532 0.016 ± 0.037 −0.092 ± 0.041 0.035 ± 0.013 0.093 ± 0.022 0.028 ± 0.013 0.050 ± 0.014 0.033 ± 0.015 −0.028 ± 0.015 
GC66 −0.581 ± 0.419 0.063 ± 0.014 0.193 ± 0.039 0.119 ± 0.011 0.243 ± 0.016 0.153 ± 0.019 0.075 ± 0.016 0.062 ± 0.011 0.048 ± 0.008 
GC70 −0.512 ± 0.252 0.039 ± 0.009 0.176 ± 0.027 0.071 ± 0.007 0.181 ± 0.013 0.126 ± 0.013 0.072 ± 0.009 0.065 ± 0.008 0.057 ± 0.003 
GC79 −0.675 ± 0.787 0.017 ± 0.038 0.102 ± 0.023 0.027 ± 0.022 0.057 ± 0.023 0.116 ± 0.018 0.052 ± 0.026 0.044 ± 0.015 0.061 ± 0.019 
GC80 −0.735 ± 0.239 −0.019 ± 0.009 0.092 ± 0.019 0.136 ± 0.005 0.175 ± 0.009 0.083 ± 0.007 0.056 ± 0.008 0.041 ± 0.006 0.050 ± 0.004 
GC87 a −1.2486 −0.017 ± 0.025 0.019 ± 0.027 – 0.019 ± 0.011 0.030 ± 0.009 0.068 ± 0.028 0.008 ± 0.011 0.022 ± 0.010 
GC103 −0.914 ± 0.283 0.230 ± 0.019 0.118 ± 0.016 0.033 ± 0.005 0.138 ± 0.009 0.085 ± 0.013 0.061 ± 0.011 0.050 ± 0.006 0.035 ± 0.003 
GC104 −0.490 ± 0.255 0.048 ± 0.008 0.185 ± 0.033 0.083 ± 0.006 0.195 ± 0.014 0.133 ± 0.011 0.083 ± 0.009 0.065 ± 0.009 0.055 ± 0.004 
GC114 a 0.2883 −0.021 ± 0.011 0.150 ± 0.028 0.127 ± 0.007 0.182 ± 0.014 0.114 ± 0.007 0.066 ± 0.007 0.052 ± 0.009 0.058 ± 0.005 
GC135 −0.934 ± 0.258 −0.028 ± 0.011 0.093 ± 0.018 0.019 ± 0.006 0.059 ± 0.007 0.056 ± 0.011 0.044 ± 0.009 0.041 ± 0.005 0.039 ± 0.003 
GC136 a 0.0660 0.095 ± 0.016 0.212 ± 0.024 −0.006 ± 0.016 0.099 ± 0.025 0.011 ± 0.026 0.137 ± 0.024 0.077 ± 0.016 0.020 ± 0.009 
GC159 −0.819 ± 0.271 0.034 ± 0.005 0.148 ± 0.020 0.078 ± 0.004 0.199 ± 0.013 0.094 ± 0.006 0.058 ± 0.006 0.034 ± 0.008 0.044 ± 0.004 

Notes. (1) GC name. (2) Measured metallicity. (3) CNR index. (4) G index. (5) MgH inde x. (6) Mg2 inde x. (7) Mgb inde x. (8) Fe52 inde x. (9) Fe53 inde x. (10) Fe54 inde x. 
a SSP model metallicity from the grid-method (Fig. 4 ). 

Table 6. Parameters of the second-order equation that was used to estimate 
the metallicity. 

Index p h k 

Fe52 28.39 ± 0.24 −0.004 ± 0.0 −3.41 ± 0.02 
Fe53 30.12 ± 0.27 −0.003 ± 0.0 −3.24 ± 0.02 
Fe54 23.93 ± 0.16 −0.005 ± 0.0 −3.96 ± 0.01 
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 metallicity using the indices even for some of the candidates (e.g.
C87) for which we have measured H β index > 2.5. As noted in

he previous section, these GC candidates are younger than 5 Gyr 
nd the index–metallicity relations are not reliable. 

The [ Fe / H] values measured by us as the mean of the Fe indices
re plotted against all the eight indices (CNR, G, MgH, Mg2, Mgb,
e52, F53, and F54) in Fig. 6 (black dots). We also show in this plot

he corresponding values reported by N10 as diffuse red dots . Both
he data sets show the expected correlation, with our measurements 
aving, in general smaller spread, as compared to that of N10 . Also
n last panel of Fig. 6 , we show the [ Fe / H] versus I -band magnitude,
rom which it can be inferred that we have [ Fe / H] measurements for
andidates that are 1 mag fainter, and the dispersion is smaller o v er
he entire range of magnitudes as compared to that of N10 . 
.3 Spectral fit: age and extinction determination 

e determined the age for each GC candidate by selecting an SSP
pectrum that best-fits our observed spectrum. The fitting is carried 
ut using a χ2 procedure, which is explained below. We used Charlot
 Bruzual models (in preparation), which are the updated Bruzual 
 Charlot ( 2003 ) models (see Plat et al. 2019 ; Mayya et al. 2023 , for

etails). These models are based on MILES (S ́anchez-Bl ́azquez et al.
006 ) library synthesized for the Kroupa (Kroupa & Weidner 2003 )
nitial mass function, at six metallicities Z = 0.0001, 0.0004, 0.004,
.008, 0.02, and 0.05, and ages from 1 to 13.75 Gyr. F or a giv en
C candidate, we used the SSP model that has metallicity closest

o the [ Fe / H] value measured in the previous section. These model
pectra are smoothed to match the resolution of the observed spectra
f ∼7 Å. Both the observed and model spectra are then divided by
verage flux in the wavelength range from 5490 to 5510 Å, to get
he normalized spectra. Subsequently, the spectra were interpolated 
inearly in order to have the same sampling in the observed λ range.
he χ2 fitting is carried out in intervals of �λ ∼ 300 Å o v er the
pectral range I λ = [3650, 5600] Å. The spectra redward of 5600 Å
o not contain age-sensitive absorption features, which is the reason 
or excluding this part in our χ2 analysis. The piecewise, rather than
he entire spectral, fitting procedure ensures that the χ2 values are 
ot affected by differences in the shapes of the observed and model
pectra o v er scales larger than �λ. Such differences are common
ue to the wavelength-dependent flux calibration errors, and/or due 
MNRAS 528, 1445–1459 (2024) 
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Table 7. Fit parameters: age, extinction, and χ2 . 

GC [Fe/H] model Age Age range A v χ2 

(Gyr) (Gyr) (mag) 
(1) (2) (3) (4) (5) (6) 

GC1 −0.6392 12.25 1 . 50 
−1 . 25 11.00–13.75 0.75 ± 0.07 1.52 

GC3 −1.2486 10.00 0 . 50 
−0 . 50 9.50–10.50 0.56 ± 0.07 3.32 

GC4 −0.6392 12.75 0 . 50 
−0 . 50 12.25–13.25 0.89 ± 0.03 2.89 

GC5 −0.3300 13.75 0 . 00 
−0 . 25 13.50–13.75 0.10 ± 0.03 1.43 

GC7 −0.6392 1.50 0 . 50 
0 . 50 1.00–2.00 0.80 ± 0.18 2.17 

GC9 −0.3300 11.50 1 . 75 
−1 . 75 9.75–13.25 0.50 ± 0.18 1.31 

GC10 −1.2486 13.75 0 . 00 
−0 . 25 13.50–13.75 0.89 ± 0.10 3.42 

GC11 a −1.2486 12.25 2.00,12.25 b 0.29 ± 0.03 1.99 
GC13 −1.2486 13.75 0 . 00 

−0 . 25 13.50–13.75 0.86 ± 0.12 2.27 

GC16 −0.6392 12.75 1 . 0 −0 . 25 12.50–13.75 1.32 ± 0.04 2.53 
GC27 −0.6392 12.75 1 . 0 −0 . 75 12.00–13.75 – 1.81 

GC29 a 0.0660 1.00 0 . 50 
0 1.00–1.50 – 0.83 

GC44 a 0.2883 7.50 2 . 50 
−2 . 00 5.50–10.00 0.34 ± 0.19 1.60 

GC46 −0.3300 13.75 0 . 0 −0 . 50 13.25–13.75 0.67 ± 0.19 1.99 
GC47 a −1.6469 6.50 1.00,6.50 b 1.79 ± 0.10 2.33 
GC59 −0.6392 3.00 0 . 50 

−0 . 50 2.50–3.50 2.22 ± 0.17 1.81 

GC60 a 0.2883 2.50 0 . 50 
−0 . 50 2.00–3.00 0.37 ± 0.12 1.20 

GC61 −0.6392 12.75 1 . 0 −6 . 25 6.50–13.75 1.39 ± 0.11 1.79 

GC62 −1.2486 13.25 0 . 5 −0 . 75 12.50–13.75 1.11 ± 0.18 2.16 

GC66 −0.6392 12.75 1 . 0 −1 . 0 12.75–13.75 0.83 ± 0.14 2.64 

GC70 −0.6392 13.25 0 . 5 0 . 75 12.5–13.75 0.31 ± 0.11 2.91 

GC79 −0.6392 13.75 0 . 0 2 . 25 11.50–13.75 1.11 ± 0.18 1.91 

GC80 −0.6392 3.00 0 . 50 
−0 . 50 2.50–3.50 0.26 ± 0.15 1.30 

GC87 a −1.2486 4.00 1.00,4.00 b 1.25 ± 0.30 1.19 
GC103 0.0660 2.50 0 . 50 

−0 . 50 2.00–3.00 0.43 ± 0.26 1.82 

GC104 −0.6392 13.25 0 . 50 
−1 . 00 12.25–13.75 0.63 ± 0.14 4.25 

GC114 a 0.2883 2.50 0 . 50 
−0 . 50 2.00–3.00 0.43 ± 0.19 1.61 

GC135 −0.6392 2.00 0 . 50 
−0 . 50 1.50–2.50 1.18 ± 0.19 0.99 

GC136 a 0.0660 2.50 0 . 5 −0 . 5 2.00–3.00 0.48 ± 0.14 1.77 

GC159 −0.6392 6.50 0 . 5 −0 . 5 6.00–7.00 0.64 ± 0.07 3.00 

Notes: (1) GC candidates name. (2) Metallicity model. (3) Age and its error 
determined with the χ2 . (4) Age range. (5) Visual extinction and its error. (6) 
χ2 Minimization value. 
a Metallicity model from the grid-method (Fig. 4 ). 
b Contains two populations. The two ages correspond to that of the metal-rich 
(young) and metal-poor (old) populations that best fit the spectra, with the 
[Fe/H] in column (2) corresponding to that of the older of the two populations. 
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o residual errors in the subtraction of the sky in case of fainter
bjects. The χ2 values obtained in the adopted window size is only
eakly dependent on the value of the extinction, which allows us to
btain A V in an iterative manner as explained later in this section. 
Then, for a given SSP model, we compute the reduced χ2 

k value
ithin each k th-window using the formula 

2 
k = 

1 

ν

n k ∑ 

i= 1 

(
F obs ,k ( λi ) − F mod ,k ( λi ) 

σobs ,k 

)2 

, (5) 

here n k is the number of spectral points with well-measured fluxes,
 obs, k is the observed spectrum, F mod, k is the model spectrum, σ obs k 

s the standard deviation of the flux, and ν = n k − 1 is the number
f degrees of freedom. We defined masks to ignore spectral regions
hat are affected by the subtraction of bright sky lines. The value of
 k is the number of unmasked pixels within the window. The σ obs k 
NRAS 528, 1445–1459 (2024) 
s given by 

obs ,k = 

√ √ √ √ 

1 

n k − 1 

n k ∑ 

i = 1 

(
F obs , i − F obs 

)2 
, (6) 

here F obs is the mean of observed flux in the k th window. The value
f σ obs, k is obtained iteratively, clipping the observed points that lie
bo v e and below 3 σ and re-calculating a new F obs, k , F obs , and σ obs, k 

n each iteration. The σ obs, k values obtained after ∼5 iterations do
ot change much, and hence we use the value after five iterations as
he typical standard deviation of the spectrum in the window under
nalysis. 

The final value of χ2 o v er the entire spectral range is calculated
s the average of all χ2 

k . This process is repeated for all ages of the
SPs between 1 and 13.75 Gyr and the model age with the minimum
2 is taken as the best age of the GC candidate. 
For the three cases (GC11, GC47, GC87) that have EW(H β) >

.5 Å and subsolar metallicities, the residual clearly shows H β in
bsorption suggesting a necessity for a second younger population.
e hence found a new χ2 solution where the input SSP is a linear

ombination of an old, metal-poor, and young, solar metallicity
opulations. The χ2 values for the combined SSP model were found
o be lower than with only a single population for these three GCs. 

We clarify that the extinction differences within the 300 Å window
sed for obtaining χ2 

k are ignored in equation ( 5 ), which is justifiable
i ven the relati vely small wavelength interv al. Ho we ver, we take into
ccount the extinction correction in an iterative way. The observed
pectrum o v er the entire observ ed wav elength is systematically
edder as compared to the best-fitting model spectrum. We used
he slope between λB = 4400, the normalized wavelength, λV , and
R = 6400 Å, to obtain the A V using the following formula: 

 

B,R 
V = 

log ( F 

B,R 
obs ) − log ( F 

B,R 
mod ) 

−0 . 4 · [ E MW 

( λB,R ) − 1] 
, (7) 

here the F 

B 
obs , F 

R 
obs , F 

B 
mod , and F 

R 
mod are the average values over ∼200

windows centred at λB and λR measured in the observed and best-
tting model spectrum, respectively, and E MW 

is the MW extinction
urve from Cardelli, Clayton & Mathis ( 1989 ). The A 

B 
V and A 

R 
V values

re averaged to get the mean A V and error in the corresponding A V .
ll model spectra are reddened using the determined A V , normalized

o its flux at λV and the entire fitting-procedure to obtain the minimum
2 is repeated. The iterative procedure is stopped when the age and
 V values in two consecutive iterations converge. We find that the
olutions converge after 2 and 5 iterations for high and low SNR
pectra, respectively. 

The ages of the SSP model and extinction for the best-fitting
ase are tabulated in columns (3) and (5) in Table 7 , respectively.
ccording to the χ2 statistics all models that have ν( χ2 − χ2 

min ) = 1
re acceptable solutions within 1 σ with one parameter involved
Wall & Jenkins 2012 ). We used this criterion to estimate the error on
he best-fitting ages. The possible range of ages, which are obtained
y applying the lower and upper errors, are given in column (4). 
In Fig. 7 , we show the fitted spectrum for one of the representative

Cs, GC16. The measured [ Fe / H] = −0.54 ± 0.08 for which we
sed the [ Fe / H] model = −1.2486. The best-fitting age = 12.75 + 1 . 0 

−0 . 25 
yr and A V = 1.32 ± 0.02. The residual is shown in the bottom
anel. In order to illustrate the goodness of the fit, we zoom in on
he Ca H + K feature, and the H α. It can be appreciated that the best-
tting SSP for the determined A V reproduces the observed strength
f the H α line as well as the continuum level very well, in spite of
he fact that the fitting was carried out blueward of 5600 Å. 
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Figure 5. Metallicity comparison for M81 GCs. In the X -axis, we plot our 
M81-GCs metallicities estimation, whereas in Y -axis are plotted the GCs 
metallicities estimation from N10 . 
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Figure 7. Observed spectrum (black line) and the spectral fit (red line). Grey 
bands indicate the wavelength coverage of the spectral indices. The fitted 
parameters are [ Fe / H] = −0.54 ± 0.10, age = 12.75 Gyr, A V = 1.32, and χ2 

= 2.53. The bottom plots show the residuals between the observation and the 
model. Interior windows are zooming the regions of the Ca H + K (left) and 
H α (right) lines. 
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 DISCUSSION  

ur spectroscopic sample consists of 42 GC candidates, among 
hich 30 have good quality spectra for a reliable determination of

heir metallicities, ages, and extinctions. Spectra of all the 42 ho we ver
igure 6. [ Fe / H] versus spectral indices. Black dots : Metallicity and spectral indi
eported in N10 . In the iron (Fe52, Fe53, and Fe54 versus [ Fe / H]) windows, the bl
he [ Fe / H] versus I -band magnitude. In all the panels, the GCs whose metallicity w
re good enough for the measurement of recessional velocity (see 
olumn 7 in Table 2 ). Being a subsample of the S10 sample, all
lso have well-measured colours and magnitudes. Given that GC 

opulations of very few spiral galaxies have all these data available, 
e use these data to both characterize the properties of GC samples

s well as to address the origin of GCs in a Cosmological context.
n the first two sections, we discuss colour–metallicity relation and 
ge distribution of our spectroscopic sample. In Section 4.3 , we
MNRAS 528, 1445–1459 (2024) 

ces for each GC candidate. Red diffuse dots : Metallicity and spectral indices 
ack solid lines are the curves tracing equation ( 4 ). In the last panel, we show 

as estimated using the grid method from Fig. 4 are encircled in magenta. 

3190 by Instituto N
acional de Astrofisica, O
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1454 L. Lomel ́ı-N ́u ̃

 nez et al. 

M

c  

e  

d  

w  

t

4

O  

t  

f  

I  

S  

t  

d  

s  

s  

i  

t  

c  

b  

(  

s  

r  

a  

s  

s  

h  

m  

K  

d
 

c  

d  

e  

c  

u  

t  

t  

m  

G  

l  

a
 

m  

e  

e  

&  

t  

r  

w  

C  

p  

s  

r  

s  

p  

S  

t  

I  

0  

a  

Figure 8. Top: ( B − I ) 0 colour distrib ution. Blac k histogram: Whole sample 
from S10 corrected for the Galactic reddening. Blue histogram: Sample of GC 

candidates corrected for the Galactic and intrinsic reddening. Red histogram: 
Sample of GC candidates corrected only for the Galactic reddening. Bottom: 
metallicity–colour relation for the sample of GC candidates with spectro- 
scopic observations after ( blue circles ) and before ( r ed cir cles ) intrinsic 
reddening correction. Also, the blue circles are coded by their spectroscopic 
ages as indicated by the legends at the bottom right corner. SSP model grids 
from Bruzual & Charlot ( 2003 ) with Kroupa IMF between 0.1 and 100 M �
are o v erplotted for four fix ed ages between 1 and 14 Gyr and six metallicities 
between −1.64 ≤ [Fe/H] ≤ + 0.28. The solid coloured lines connecting grid 
points at fixed age are second-order polynomials fitted to the SSP models. 
The GCs whose metallicity was estimated using the grid method from Fig. 4 
are encircled in magenta. 
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ombine the velocity of our sample objects with that from N10 to
xplore whether the majority show kinematics expected for halo or
isc objects. In Section 4.4 , we combine our age and metallicity data
ith that from other samples that are analysed using methods similar

o ours to discuss GCs from a Cosmological perspective. 

.1 Metallicity–colour relation 

ne of the most frequently discussed topics in the study of GCs is
he bimodal colour distribution, which is thought to be originated
rom a metallicity–colour relation (see e.g. Brodie & Strader 2006 ).
t may be recalled that our spectroscopic sample is drawn from
10 , which is a photometric sample of 172 GC candidates co v ering

he entire field of view (FoV) offered by the HST /ACS footprints
isplayed in Fig. 1 . Our spectroscopic sample is not a representative
ubset of the original sample in colour and is relatively of small
ize, which prevents us an exploration of the issue of bimodality
n metallicity. Besides, the original S10 (black solid histogram in
op panel of Fig. 8 ) sample itself does not demonstrate an obvious
olour bimodality. We confirmed an absence of evidence of colour-
imodality in the S10 sample using the Gaussian Mixture Modelling
 GMM ) code (Muratov & Gnedin 2010 ) which carries out a robust
tatistical test for e v aluating bimodality, and uses the likelihood-
atios to compare the goodness of the fit for double-Gaussian versus
 single-Gaussian. This method is independent of the binning of the
ample. The results from the GMM test in the colour distribution are
hown in Table 8 (see the footnote for the explanation of the column
eaders). For a distribution to be considered bimodal, the Kurtosis
ust be ne gativ e, D > 2 and p -values must be small. We found a
urtosis of 2.48 and a separation ( D ) of 1.42, values that strongly
iscard bimodality in the distribution. 
We also used ‘dip test’ (Hartigan & Hartigan 1985 ), which

alculates the maximum distance between the cumulative input
istribution and the best-fitting unimodal distribution. This test
stimates the significance level with which a unimodal distribution
an be rejected. The probability given by the ‘dip test’ to be a
nimodal distribution is of 89 per cent. After carrying out these
wo independent statistical tests, we conclude that the M81 GCs of
he S10 sample do not sho w e vidence for bimodality in colour. This
ay not necessarily mean an absence of bimodality among all M81
Cs, as the S10 sample is more biased towards the disc GCs and

acks halo GCs, which are known to be systematically metal poor
nd blue, as compared to the disc GCs. 

Several studies have addressed the issue of a relation between
etallicity and colour of GCs from both observational (e.g. Larsen

t al. 2001 ; Alves-Brito et al. 2011 ; Fahrion et al. 2020 ; Kim
t al. 2021 ) and theoretical (e.g. Yoon, Yi & Lee 2006 ; Cantiello
 Blakeslee 2007 ) perspectives. The availability of A V intrinsic to

he objects in our spectroscopic sample allows investigating this
elation with the reddening-corrected colours. The latter correction
as carried out using the A V in column (5) of Table 7 and the
ardelli, Clayton & Mathis ( 1989 ) reddening curve. In the bottom
anel of Fig. 8 , we show the metallicity–colour relation for the
pectroscopic sample, before (red circles) and after (blue circles)
eddening correction. The colour distribution of the spectroscopic
ample before and after reddening correction is shown in the top
anel. We also show the theoretical age–metallicity grids using the
SP models of 1, 3, 8, and 14 Gyr (black, green, cyan, and magenta

riangles, respectively) from Bruzual & Charlot ( 2003 ), with Kroupa
MF (from 0.1 to 100 M �), and six metallicities: Z = 0.0004, 0.001,
.004, 0.008, 0.019, and 0.030. At a given age, the metallicities
nd SSP model colours are well-fitted by second-order polynomial
NRAS 528, 1445–1459 (2024) 
urves, which are shown by solid lines. The SSP model curves for
he two extreme ages (1 and 14 Gyr) enclose the distribution of
bserved points after dereddening the colours. Note that the observed
olours before reddening correction for all objects are redder than
he values expected for the oldest SSPs. We find a mean extinction
f A V = 0.80 ± 0.13 mag for our spectroscopic sample of GCs
n M81. This relatively high values illustrate the importance of red-
ening corrections before any robust statistical analysis of colours,
uch as the exploration of bimodality, colour–metallicity relation
tc. 

It is interesting to note that the uncorrected (i.e. observed) colours
f the majority of clusters of our spectroscopic sample are redder
han the SSP values expected for their spectroscopic ages. The
eddening correction, ho we ver, makes the colour bluer for their
erived ages. Errors in both the axis (horizontal error bars take
nto account the errors on our A V measurements) can account for
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Table 8. Results from GMM and dip test. 

Colour Peak1 σ1 Peak2 σ2 N GC f 2 D p -values Kurtosis Dip Bi 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

( B − I ) 0 2.15 ± 0.11 0.24 ± 0.07 2.64 ± 0.31 0.42 ± 0.11 153 0.19 ± 0.26 1.42 ± 1.09 0.01 0.68 1.0 2.48 0.11 N 

Notes. (1) Galaxy. (2, 3) Mean and standard deviation of the first peak in the double-Gaussian model. (4, 5) Mean and sigma of the second peak in the 
double-Gaussian model. (6) Total number of GCs. (7) Fration of N GC associated with the second peak. (8) Separation of the means relative to their widths. (9) 
GMM p -values based on the likelihood-ratio test p ( χ2 ), peak separation p (DD), and Kurtosis p (kurt) (lower p -values are more significant). (10) Kurtosis of the 
colours distribution. (11) Dip value is the significance level with which a unimodal distribution can be rejected. (12) Bimodality final e v aluation: Y (Yes), N 

(No). We note that it was only possible to fit 153 of the 172 GC candidates reported in S10 . 

Figure 9. Age distribution of GC candidates. The bulk of the sample has an 
old age typical of GC. The magenta histogram corresponds to GCs whose 
metallicity was estimated using the grid method from Fig. 4 . 
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ome of this inconsistency. It is also likely that a hidden younger
econd population is making the colours bluer for the old GCs
solid blue dots). A detailed multicolour study would be required 
o simultaneously explain the metallicity, age, and colours for 
ach object, which is beyond the scope of the current discussion.
otwithstanding, the figure suffices to illustrate the existence of an 

mpirical metallicity–colour relation. 

.2 Age distribution of candidate GCs 

ges of GC candidates were determined using the χ2 fitting between 
he observed and SSP spectra as discussed in Section 3.3 . In Fig. 9 ,
e show the age distribution of our spectroscopic GC sample. The 
istribution peaks at the oldest age bin, with 17 GCs being older than
 Gyr. We consider these 17 cases as genuine ‘classical GCs’ similar
o the ones in the MW. The remaining 13 cases, including seven cases
or which we estimated metallicity using the grid-method, have ages 
etween 1 and 8 Gyr, which are clearly younger than the typical
alactic GCs. We refer to these 13 cases, nine of which are younger

han 3 Gyr, as ‘intermediate age star clusters’. 
Ages of our spectroscopic sample suggests that as much as 43 

er cent (13/30) of GC candidates are not classical GCs like those
n the MW. The main reason for this relatively large contamination 
raction is the age-extinction degeneracy which results in the red- 
ened relatively younger clusters to have similar F 435 W −F 814 W
olours as that of unreddened classical GCs. L22 used u − g versus
 435 W −F 814 W colour–colour diagram to break this de generac y
nd determine the contamination of GC candidate samples from 
eddened young clusters (age < 3 Gyr) for a sample of five spiral
alaxies, including M81. They found a contamination fraction of 
2 per cent in M81. Our spectroscopic sample co v ered the very inner
art of M81, where the extinction and contamination from younger 
opulations are expected to be higher, which is the most likely reason
or slightly higher contamination factor for the spectroscopic sample. 

.3 Velocities and spatial distribution 

n early-type galaxies, the distribution of metal-poor GCs extends 
o the outer haloes while metal-rich ones are more concentrated 
o the internal parts (see e.g. Hargis & Rhode 2014 ; Kartha et al.
014 ). Ho we ver, this is not entirely pro v en for late-type galaxies,
ince studies of GCs in these kind of galaxies are scarce (see e.g.
argis & Rhode 2014 ). Metal-poor outer halo GCs and metal-rich
isc GCs also distinguish in their kinematical behaviour with the 
ormer being pressure supported, whereas the rotation dominates the 
inematics of the latter. Testing these scenarios require GC samples 
ith velocity and metallicity measurements that co v er both halo and
isc components. Unfortunately GCs in our spectroscopic sample 
eside in the inner parts of the galaxies, and lack halo GCs (for
MNRAS 528, 1445–1459 (2024) 
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implicity in our sample we called GCs to both intermediate age star
lusters and classic GCs, unless a distinction is made between them).
n order to o v ercome this bias, we complement the velocities and
etallicities for the 30 GC candidates of our spectroscopic sample
ith these quantities for 108 GCs from N10 sample, which contains

he outer halo GCs. The combined sample allows us to examine
hether the metal-poor and metal-rich GCs differ in their kinematical
roperties. 
In Fig. 10 , we show the spatial distribution of GCs for the combined

ample superposed on a HST /ACS F 814 W image. The metal-poor
nd metal-rich GCs are shown in separate colours. We also show
n ellipse with semimajor axes a = 6.725 arcmin and b = 3.525
rcmin which encloses the region defined by 0.5 R 25 (Corwin, Buta
 de Vaucouleurs 1994 ). Unfortunately, even the combined sample

as very few GCs outside the ellipse, and hence the most complete
ample that can be constructed today for M81 is ske wed to wards disc
Cs. 
In the left panel of Fig. 11 , we show the 1D phase–space diagram

rom this work (big circles) and N10 (small squares) samples of GC
andidates, where the galaxy systemic velocity, −38.97 ± 2.69 km
 

−1 (Speights & Westpfahl 2012 ) is shown as a dashed line. Metal-
oor and metal-rich GCs are shown in blue and red colours,
espectively. In such diagram, the object location is related to the
inematics of the component it belongs to (i.e. disc or bulge/halo)
nd to the time since first in-fall into the galaxy halo (Rocha, Peter &
ullock 2012 ). In fact, the outer envelope in the R versus v obs space

s dominated by recently accreted objects, while objects with smaller
ifference to the galaxy systemic velocity and lower distance to the
alaxy centre, have been accreted further back in time (Rocha, Peter
 Bullock 2012 ). 
From Fig. 11 (left), it can be noted that the GCs lying farther

han 10 kpc are mostly metal-poor, whereas at smaller distances
oth kinds of GCs are found. Majority of the GCs have velocities
ess than ±200 km s −1 . In the right panel of Fig. 11 , we show
he velocity versus distance along the major axis. In this plot it
s possible to observe that most of the GCs follow a pattern of disc
otation, i.e. they present a gradient in velocity typical of rotating
ystems. 
NRAS 528, 1445–1459 (2024) 

igure 11. Phase–space diagram of the GC candidates, with metal-poor [ Fe / H] ≤
he observ ed v elocity is plotted ag ainst g alactocentric distance (left) and distance 
alaxy systemic velocity. In the right panel, the vertical line shows the centre of ma
he N10 sample as small squares. Also, in both plots, GCs whose metallicity was e
.4 Cosmological implications from metallicity versus age 
iagram for spiral and lenticular galaxies 

ost of the age determinations for extragalactic GCs are based on the
nalysis of colours and spectral energy distributions (SEDs), which
ave the advantage of studying the properties for the whole popu-
ation. Ho we ver, photometrically based quantities suffer from age,
eddening, and metallicity de generac y, which makes the obtained
esults unreliable. On the other hand, the availability in recent years
or MOS and/or integral field unit (IFU) facilities at large telescopes
o v ering reasonably large F oVs hav e enabled the determination of
he ages without the effects of de generac y. F or e xample the main part
f our analysis is based on three MOS pointing observations each
o v ering a FoV of 7 × 2 arcmin 2 (7.5 × 6.0 arcmin 2 ) at the 10.4-m
TC. 
We combine our measurements with spectroscopic measurements

or other galaxies from the literature and analyse them in a
etallicity–age diagram in Fig. 12 . The top panel shows the ages

n a logarithmic scale, whereas the bottom panel is zoomed in on
 linear scale for ages > 8 Gyr to show metallicity–age trends for
lassical GCs. The sources of literature data are: MW (empty black
riangles) and M31 (empty blue stars) data from Cezario et al. ( 2013 ),
here they used the ULYSS package (Kole v a et al. 2009 ) to derive

he metallicity and age determination, and M85 GCs (empty red
quares) from Ko et al. ( 2018 ), where they used different methods
or estimating age and metallicity, but for consistency, we only show
he results that they obtained with the ULYSS package. Also, we show
he M85 GCs (empty cyan squares) from Escudero et al. ( 2022 ),
ho also used ULYSS package to derive the metallicity and age
etermination. We refer to the latter sample as M85 ∗. A horizontal
ashed line divides metal-poor ([ Fe / H] ≤ −1.0) GCs from the metal-
ich ([ Fe / H] > −1.0) GCs. 

It can be noticed from the figure that the extragalactic GCs with
pectroscopic ages are dominated by the metal-rich population, with
ost of the measurements for the metal-poor GCs coming from the
alactic (from a sample of 41 GCs, 19 have an age > 8 Gyr and

 Fe / H] ≤ −1.0) and M85 ∗ (from a sample of 46 GCs, 14 have an
ge > 8 Gyr and [ Fe / H] ≤ −1.0) GCs, whose spectroscopic sample
−1.0 ( blue colour ) and metal-rich [ Fe / H] > −1.0 ( red colour ) distinguished. 
along the major axis (right). The horizontal dashed line in both panels is the 
jor axis. In both plots, we show our spectroscopic sample as big circles and 

stimated using the grid method from Fig. 4 are encircled in magenta. 
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Figure 12. Metallicity versus age for different galaxies: M81 ( green solid 
points ), MW ( black empty triangles ), M31 ( blue empty stars ), M85 ( red empty 
squares ), and M85 ∗ ( cyan empty squares ). In both panels, the horizontal 
black dashed line indicates the limit between metal-rich ([Fe/H] > −1.0) and 
metal-poor ([Fe/H] ≤ −1.0) GCs. In top panel, the vertical black dashed line 
indicates the limit between intermediate and old age clusters. Top: X -axis in 
logarithmic scale for all the range of ages. The GCs whose metallicity was 
estimated using the grid method from Fig. 4 are circled in magenta. Bottom: 
X -axis in linear scale with ages from 7.6 to 18 Gyr. 
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Figure 13. Top: Age distribution for all GCs in M81, MW, M31, and M85 
galaxies. Middle: Age distribution for metal-poor GCs ([Fe/H] < = −1). 
Bottom: Age distribution for metal-rich GCs ([Fe/H] > −1). In the three 
panels, N is the number of GCs. 
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o v ered halo GCs f araw ay to the galaxy centre. This is due to an
bservational bias originated due to a tendency to maximize the 
bjects per pointing, which invariably leads to select zones of high 
bject density for spectroscopic observations. Such strategies end up 
ampling the disc GCs which are metal-rich. Differently, from other 
orks, in Escudero et al. ( 2022 ) the outer part of the galaxies were
bserved, combining part of the disc and possibly halo of the galaxy.
nterestingly, some of the GCs selected in that work present halo 
ike characteristics, metal-poor, and older than 12 Gyr. We can draw 

ome general remarks from the combined sample. 
Metal-poor GCs are concentrated in the age range from 8 to 

2 Gyr, with a mean age i.e. ∼3 Gyr younger than that for metal-rich
Cs. According to the Hierarchical scenario of galaxy formation 

e.g. C ̂ ot ́e, Marzke & West 1998 ; Strader et al. 2005 ; Forbes &
emus 2018 ), metal-poor GCs are formed in the haloes of low-mass
alaxies, which are then accreted on to the giant galaxies during 
ubsequent merger processes. Under this scenario, metal-poor GCs 
re expected to be the oldest GCs (e.g. Peng, Ford & Freeman 2004 ;
easley et al. 2008 ) which is opposite to what is inferred from the
gure. The observed contradiction is opposite to what is expected 

f the spectroscopic determinations for some unknown reason suffer 
rom age–metallicity de generac y. On the other hand, the presence
f metal-rich old (12–13 Gyr) GCs could be understood under the
osmological context as it takes < 1 Gyr for metal enrichment in
Cs. To better illustrate these statements, in the Fig. 13 , we show

he GCs age distributions. In the top panel of Fig. 13 , we show the
pectroscopic age distribution of 142 GCs, for M81, MW, M31, and

85 galaxies. An age bimodality can be seen at young and old ages.
n the middle panel, the mean age distribution for metal-poor GCs
[Fe/H] < = −1), whereas the corresponding value for metal-rich 
[Fe/H] > −1) GCs is 12.8 Gyr. The metal-rich GCs also show a
eak at relatively young age of 2 Gyr. 

How do we reconcile the absence of metal-poor GCs among the
ldest GCs? We believe the answer lies in the observational bias
iscussed abo v e. The accreted old metal-poor GCs are expected to
e in the outer haloes of galaxies. In general, these outer-halo GCs
re not included in the spectroscopic samples, which explains the 
bsence of old metal-poor GCs in Fig. 12 . The work of Escudero
t al. ( 2022 ) mitigates this situation by finding several old, metal-
oor GCs in the outer part of M85, suggesting that interesting insights
n galaxy formation and its connection with its GC system will
rise by an e xtensiv e study of GCs in galaxy outskirts, as well a
ystemic compilation of archi v al data. The presence of metal poor, but
arginally younger GCs among the spectroscopic samples suggests 

hat not all the metal-poor GCs are formed at the earliest epochs. This
an be explained under the hierarchical scenario of galaxy formation, 
f GCs formation in some of the accreting low-mass galaxies took
MNRAS 528, 1445–1459 (2024) 
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lace after a delay of a few Gyr. Another possibility is that these
etal-poor GCs are formed in situ when gas-rich galaxies merge
ith a giant galaxy. The fact that these metal-poor GCs are found in

pectroscopic samples that co v er the inner parts of galaxies fa v ours
he later hypothesis. The acceptance of this hypothesis requires a
hange in the current paradigm that all in situ formed GCs are metal-
ich. Surprisingly there are very few metal-rich GCs of age between
2 and 8 Gyr. As well as, the formation of metal-poor GCs seems to
ave stopped suddenly at ∼8 Gyr. 
M81 GCs follow another trend seen in other galaxies, namely

he presence of intermediate-age clusters that have photometric and
orphological characteristics similar to the classical GCs. Metal-rich

bjects dominate the sample at these ages. The metal-poor GCs are
carce at ages younger than 8 Gyr. This suggest that if metal-poor
Cs in the inner disc are formed in situ during accretion of gas-

ich dwarf galaxies, such process stopped suddenly at ∼6 Gyr after
he Big Bang. This implies that most of the accreting galaxies have
ufficiently enriched their metal content at this epoch. The accretion
rocess and formation of GC-like clusters continued after that, but
he newly formed clusters were mostly metal-rich. 

 C O N C L U S I O N S  

n this work, we presented the results of the analysis of new
pectroscopic data of 42 GC candidates in the nearby spiral galaxy

81, obtained with GTC-OSIRIS in the long-slit and MOS modes.
pectra for 30 of these objects have a S/N > 10 providing an
ccurate determination of metallicity, age, and extinction. We used
he classical H β versus MgFe diagram to separate clusters that are
ounger than ∼3 Gyr. For objects older than 3 Gyr, we used the
ron indices (Fe52, Fe53, and Fe54) to determine the metallicity. We
sed the χ2 technique to determine the best-fitting SSP model age
f each GC candidate. We find that 17 GC candidates are genuine
lassical GCs with ages > 8 Gyr. The remaining 13 candidates (43
er cent) are intermediate-age clusters. M81 GCs experience a mean
 V = 0.80 ± 0.13 mag which illustrates the importance of reddening
orrections while inferring any physical quantity from optical colours
nd/or SEDs. We combine the spectroscopically determined age and
etallicity of M81 GCs with those obtained using similar techniques

or other samples of nearby galaxies to discuss the trends seen in the
etallicity age diagram. 
Most of the metal-rich ([Fe/H] > −1) GCs in spectroscopic

amples of spiral galaxies are either older than 12 Gyr, or younger
han 8 Gyr, with the age range of 8–12 Gyr being populated by metal-
oor GCs. We postulate that these metal-poor GCs were formed in
itu in the discs of galaxies during the accretion of gas-rich dwarf
alaxies. Clusters younger than 8 Gyr are systematically metal-rich,
uggesting the lack of accreting metal-poor dwarf galaxies at these
elatively recent epochs. The absence in spectroscopic samples of old
 > 12 Gyr) metal-poor GCs is most likely due an observational bias
f not including outer halo GCs, which are expected to be metal-poor.
e recommend spectroscopic studies to include more outer halo GC

andidates to address this question. 
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