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ABSTRACT

Nearby massive compact elliptical galaxies (MCEGs) are strong candidates for relic galaxies (i.e. local analogs of red
nuggets at high redshifts). It is expected that the globular cluster (GC) systems of relic galaxies are dominated by red
(metal-rich) GCs. NGC 1277 is known as a unique example of such a galaxy in the previous study. In this study, we
search for GCs in 12 nearby MCEGs at distances of < 100 Mpc from the Hubble Space Telescope/Wide Field Camera
3 F814W(I:14)/F160W(H60) archival images. We find that most of these MCEGs host a rich population of GCs with a
color range of 0.0 < (Is14 — Higo)o < 1.1. The fractions of their red GCs range from frgc = 0.2 to 0.7 with a mean of
freo = 0.48 £ 0.14. We divide the MCEG sample into two groups: one in clusters and the other in groups/fields. The
mean red GC fraction of the cluster MCEGs is 0.60 = 0.06, which is 0.2 larger than the value of the group/field MCEGs,
0.40 £ 0.10. The value for the cluster MCEGs is ~0.3 larger than the mean value of giant early-type galaxies with
similar stellar mass in the Virgo cluster ( frac = 0.33 £ 0.13). Our results show that most of the MCEGs in our sample
are indeed relic galaxies. This further implies that a majority of the red GCs in MCEGs are formed early in massive
galaxies and that most MCEGs in the local universe have rarely undergone mergers after they became red nuggets about
10 Gyr ago.

Keywords: Compact galaxies (285), Elliptical galaxies (456), Galaxy evolution (594), Globular star clusters
(656)
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ABSTRACT

We analyse the globular cluster (GC) systems of a sample of 15 massive, compact early-type galaxies (ETGs), 13 of
which have already been identified as good relic galaxy candidates on the basis of their compact morphologies, old
stellar populations and stellar kinematics. These relic galaxy candidates are likely the nearby counterparts of high
redshift red nugget galaxies. Using F814W (= I) and F160W (~ H) data from the WFC3 camara onboard the Hubble
Space Telescope we determine the total number, luminosity function, specific frequency, colour and spatial distribution
of the GC systems. We find lower specific frequencies (§y < 2.5 with a median of Sy = 1) than ETGs of comparable
mass. This is consistent with a scenario of rapid, early dissipative formation, with relatively low levels of accretion of
low-mass, high-§ § satellites. The GC half-number radii are compact, but follow the relations found in normal ETGs.
We identify an anticorrelation between the specific angular momentum (Ag) of the host galaxy and the (I-H) colour
distribution width of their GC systems. Assuming that Ag provides a measure of the degree of dissipation in massive
ETGs, we suggest that the (I-H) colour distribution width can be used as a proxy for the degree of complexity of the
accretion histories in these systems.
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Development of Massive Elliptical Galaxies
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Kak o6pasytotcs red nuggets?

* (1) started with accretion-driven violent disc instability
* (2) contracted via dissipative process, forming compact, star-forming blue nuggets
* (3) star formation in the blue nuggets quenched by feedback due to AGN activity

The blue nuggets became red nuggets about 10 Gyr ago
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Table 1. Basic Properties of the Target MCEGs and Reference Galaxies

Galaxy D [Mpc] Recire [kpel bfa  oc[kms™!] log(M./Mg) B[mag] Ajand Ag frcac
() 2) (3) (4) (5) (6) (7 (8) 9)
UGC3816  51+1 1.8+0.1 069 25147 109610 0% 1346  0.095,0.032 0517012
NGC 0384 59+1 1.5+01 068 240+5 10961002 1367 0.096,0.032 0.4570-0°
NGC1281  60+1 1.3+01 064 263+6  11.007008 1374 0.256,0.085 0.7075709
NGC1270 69+1 1.94+0.1 068 376+9 11317010 1343 0.253,0.084 0.617) 0%
PGC70520 72+1 12401 049 259+8 10957019 14.17  0.147,0.049 0.3079°07
NGC 0472 74+1 20401 072 2527 1107400 13.73  0.075,0.025 0.4170:12
NGC 2767 74+1 19401 075 247+9  1L12H)-D% 1436 0.029,0.010 0.37790:
NGC 1271 80+2 14+01 043  302+8 11067097 1430  0.254,0.085 0.6070:23
UGC2698  89+2 31401 073 3518 11587001 13.61  0.224,0.075 0.5670 03
MRK 1216 94+2 23+0.1 058 335+£6 11347010 1444 0.050,0.017 0.5279°0%
PGC 11179 94+2 1.8+0.1 066 202+7 11167005 1451  0.287,0.096 0.5679"%
PGC32873 112+2 19+0.1 053 308+9  11.28709% 1498  0.019,0.006 0.247900
NGC 1399 20 b [ | 091  3324+5  11.41 10.60  0.019,0.006 0.7279°9
NGC 4874 100 227 087 27244  11.76 12.63  0.014,0.005 0.55790%

NOTE—(1) Galaxy name; (2) Distances; (3) Effective radii within circularized aperture; (4) The ratio of minor axis and major
axis; (5) Central velocity dispersion; (6) Stellar mass derived from simple stellar population models for Salpeter-like stellar
IMF (with a slope of ' = 2.35); (7) B-band magnitudes; (8) Foreground extinction for F814W(Ig14) and FI60W(H160)
bands; (9) Fractions of red GCs derived in this study (R < 10R. .. for the target MCEGs, R < 1R, for NGC 1399 and
R < 2R, for NGC 4874)
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Figure 2. (Left panels) Effective radius (FLUX_RADIUS), FWHM, and concentration parameter (C3_5) versus F8 14W auto magnitude of the
sources detected in the images of the target MCEGs. We plot this diagram after stacking all the results from each MCEG. We mark the selection
criteria for GC candidate in pink boxes and selected GC candidates in pink dots. We select the candidates satisfying all three size-related
conditions at the same time. (Right panels) Same plots as left panels but for the sources detected in XDF images. We apply the same selection
criteria as shown in orange boxes in order to calculate the background contamination. Orange crosses denote background sources and green
crosses denote foreground stars with FWHM < 2.5,
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Figure 4. CMDs of the GC candidates in (a,b) NGC 1399 and (c.d) NGC 4874. All the GC candidates marked in Figure 3 are also marked in
pink dots. The bright GC candidates in NGC 1399 (19.5 < Jz14.0 < 23.5) and NGC 4874 (23.0 < Iz14.0 < 25.0) are marked in black circles,
and the corresponding magnitude ranges are marked in dotted lines. The solid lines denote the color range for selecting the GCs and the dashed
lines denote the color used for dividing blue and red GC population.
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Figure 5. Color-color diagrams of the bright GC candidates in (a) NGC 1399 and (b) NGC 4874. The blue line in (a) is a quartic relation
for NGC 1399 GCs given by Blakeslee et al. (2012) shifted by —0.04 in y-axis. The orange, green, and blue lines in (b) are linear, cubic, and
quartic relations for NGC 4874 GCs given by Cho et al. (2016). The red dashed lines in (a.b) are linear relations derived in this study for each
galaxy after 3o clipping. The clipped sources are marked in open pink circles, and filled pink circles are sources used to derive the relation.
{c) Color-color relation derived from PARSEC 12 Gyr isochrone. We mark [M/H] values along with the relation. The same red dashed lines
in (a,b) are also marked for comparison. In all the three diagrams, the black solid lines denote the color range for selecting the GCs and the
dashed lines denote the color used for dividing blue and red GC populations.
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Figure 6. Color distributions of the bright GCs in (a,b) NGC 1399
(19.5 < Isia0 < 23.5) and (c,d) NGC 4874 (23.0 < [fs1a0 <
25.0). GMM analysis results for (ga7s — fs14)o colors with an equal
width option are marked in blue and red curves. The dashed lines
denote the color used for dividing blue and red GC populations.
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Figure 7. Same plot as Figure & but the GMM analysis results with
an unequal width option are marked.
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Figure 16. (a) Effective radii (R.) vs. stellar masses (M) for the target MCEGs in this study (filled red circles) in comparison with the Virgo
ETGs (blue triangles, Ferrarese et al. 2006; Peng et al. 2008, ACSVCS), the Fornax ETGs (orange squares, Liu et al. 2019, ACSFCS), and the
Coma ETGs (green diamonds, Weinzirl et al. 2014, ACSCCS). Filled orange square and filled green diamond denote NGC 1399 and NGC 4874.
The yellow star denotes NGC 1277 (Beasley et al. 2018). Black lines are mass-size relations of ETGs at different redshifts (van der Wel et al.
2014). (b) velocity dispersions (logo.) vs. stellar masses (M) for the target MCEGs, NGC 1277, and the two reference galaxies. Black lines
are mass-velocitv dienercion relations of ETGs at different redshifts (Cannarozzo et al. 2020).
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Figure 17. Red GC fractions ( frcc) vs. (a) effective radii (R.), (b) B-band absolute magnitudes (Mg), and (c) stellar masses (M.) for the
target MCEGs in this study in comparison with the Virgo ETGs (Coté et al. 2004; Peng et al. 2006, 2008, ACSVCS). Symbols are the same as
Figure 16 but we mark the Virgo ETGs with R. > 5 Kpc as filled symbols. Filled red circles mark the MCEGs in cluster environment and open
red circles mark the MCEGs in field environment. The yellow star represents the value for NGC 1277 given in Beasley et al. (2018), and the
red star denotes the value derived using the fixed color criterion as in this study. The blue solid lines in (b) and (c) represent the median of the
red GC fractions for the Virgo ETGs along with the absolute magnitudes and stellar masses.
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results

* [MpoBeAeH NOUCK LapoBbIX cKoneHnin B 12 6nunsknx MCEGS, ansa atoro ucnosb3oBaHa poToMeTpusi B omasTpax
HST/WFC3 F814W/F160W. 3aBMcuMoCcTb Macca-paguyc ansi atux MCEGS otnnyaeTtcsa oT TakoBOW ANns
MacCCUBHbIX JTOKa/TbHbIX 3/I/IMNTUYECKNX Fra/lakTUK B CKOMJIEHUAX, HO NOX0Xa Ha 3aBMCUMOCTb Ans red nuggets Ha
z=2.

* CMDs nokasbiBatoT, 4To B 60/1blUMHCTBE MCEGS HaxogmTCsA MHOTO LWIAPOBbIX CKOMIEHNIA. BO3MOXHOCTb
AetektuposaHua LLIC ¢ onpefeneHHoi 38e34H0N BE/IMYMHOM 3aBUCUT OT PacCTOSHUSA A0 ranakTuky (abContoTHble
Ml = -13.0 to —8.5 mag).

* PacnpegeneHus no usety ang kaHgmpartos B LLUC co 3HaueHnem 1814,0 <25.0 mag nokasbiBatoT, UTo MCEGS
AEMOHCTPUPYHOT AOMUHUPYIOLLYIO LUMPOKYH KOMNOHEHTY B Anana3oHe 0.0 < (1814 — H160) < 1.1, B OCHOBHOM 3TO
LLIC n3yyaemsbix ranakTmk

* ABTOpbI oueHmnBatoT aonto LLC ncnonb3ys pukcnpoBaHHoe pasgeneHuve no usety (1814 — H160)0 = 0.49 + 0.04.
[ons kpacHbix LLC B MCEGS npumepHo Ha 0.2 Bbllle YeM A/151 TMTaHTCKUX 3/11ENTUYECKNX ranakTuk B [lese ¢ ToW
e maccoi. Hekotopble MCEGS A0/MKHbI NOKa3biBaTh elle 60/blune aonm KpacHbix LUC, Hanpumep kak NGC 1277,
N3BECTHasA pesinKkToBas rasaktmka

* DTV pe3ynbTaTbl NpeanonaratoT, YTo 60/LLUNMHCTBO KpacHbIX LUC 6binn chopmMmnpoBaHbl paHo B MaCcCUBHbIX
rasiakTukax v 4to 6onbnHcTBO MCEGS npeTtepneny Masio cobbITUA MepXUHra ¢ Tex nop, Kak ctanm red nuggets
10 Mnppa, net Hasaza. COOTBETCTBEHHO OHU SB/SIOTCSA PENIMKTOBLIMI FraflakTUKaMm



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14

