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ABSTRACT

We present a detailed study of the nuclear star clusters (NSCs) and massive black holes (BHs) of four
of the nearest low-mass early-type galaxies: M32, NGC205, NGC5012, and NGC5H206. We measure
dynamical masses of both the BHs and NSCs in these galaxies using Gemini/NIFS or VLT /SINFONI
stellar kinematics, Hubble Space Telescope (HST) imaging, and Jeans Anisotropic Models. We detect
massive BHs in M32, NGC5102, and NGC5206, while in NGC205, we find only an upper limit. These
BH mass estimates are consistent with previous measurements in M32 and NGC205, while those in
NGC5H102 & NGCH206 are estimated for the first time, and both found to be <10% M. This adds to
just a handful of galaxies with dynamically measured sub-million Mg central BHs. Cc)mhmmg these
BH detections with our recent ‘W{)I‘k on NGC404’s BH, we find that 80% (4/5) of nearby, low-mass
(107 — 101°M5; 0y ~ 20 — 70 km s71) early-type gdld}(l{:a host BHs. Such a high occupation fraction
suggests the BH seeds formed in the early epoch of cosmic assembly likely resulted in abundant seeds,
favoring a low-mass seed mechanism of the remnants, most likely from the first generation of massive
stars. We find dynamical masses of the NSCs ranging from 2 — 80 x 10/, - and compare these masses
to scaling relations for NSCs based primarily on photometric mass estimates. Color gradients suggest
vounger stellar populations lie at the centers of the NSCs in three of the four galaxies (NGC205,
NGC5102, and NGC5206), while the morphology of two are complex and are best-fit with multiple
morphological components (NGC5H102 and NGC5206). The NSC kinematics show they are rotating,
especially in M32 and NGC5102 (V/a, ~ 0.7).
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TABLE 4
Host GALAXIES PROPERTIES
M32 NGC205 NGC5102 NGC5206
Distance (Mpec) 0.79 [1] 0.82 [2] 3.2 (3] 3.5 [4]
m — M (mag) 24.49 24.75 27.52 27.72
Scale (pc/') 4.0 4.3 16.0 17.0
Mg, Mvo, Mio (nag)  —16.3 [5], ..., —16.7[6] —15.0 [7],..., —16.5 [7] ~16.5 [5], cey ooy ~16.2 [3], ..., .
Total Stellar Mass (M) 1.0x10° [8, «] 1.0x10% [11]/1.1x10° [%] 7.0 x 10° [9]/6.8x10° [x] 2.8x107 [CGS]/2.6x107 [4]
Effective Radius [L'E?rllm“"r] 30" /120 pe [10, 1217 /520 pe [11, *] 75" /1200 pe [12, 13, +] 58" /986 pc [+
a. (peak/average) (km s—1) 120/80 [6] 21/18 [14] 58.4/42.3 [15, %] 45.3/35.4 [#]
gy OF Agaeasurec (o, g =1 —200/-201 241 /241 +473 /4472 +571/4573
Position AngleMED () 45.5 170.0 48.0 45.0
Inclination () 70.0 [16] 86.0 [16]

Note. — The subscripts gy ; indicate the measurements in B—, V' —, and I—band. NED: NASA/IPAC Extragalactic
Database. jces): indicates the Carnegie-Irvine Galaxy Survey color profiles for total stellar masses assuming Bell & de Jong
(2001) color-M/L relation. References — [1]: Welch et al. (1986); [2]: McConnachie et al. (2005); [3]: van den Bergh (1976); [4]:
Tully et al. (2015); [5]: http://leda.univ-lyonl.fr /search.html; [6]: Seth (2010); [7]: Geha et al. (2006); [8]: Richstone & Sargent
(1972); [9]: Davidge (2015); [10]: Graham (2002); [11]: De Rijcke et al. (2006); [12]: Jarrett et al. (2003, LGA); [13]: Davidge
(2008); [14]: Valluri et al. (2005); [15]: Mitzkus et al. (2017); [16]: Verolme et al. (2002); [*|: this work estimates. To calculate
properties from multiple references, we take their mean.
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TABLE 2
GEMINI/NIFS anp VLT /SINFONI SPECTROSCOPIC DATA
Object Observation UT Date Instrument  Exptime Sy Pixel Scale FWHM  FWHM PID
(s) ("' /pix) (*"\j (km s~ 1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

M32 NIFS 2005 Oct 23 AO + NGS 6 % 600 5 x 600 0.05 4.2 a7.0 GN-2005B-5V-121
NGC205 NIFS 2008 Sep 19 AO + LGS & = 760 6 x 760 0.05 4.2 55.7 GN-2008B-0Q-74
NGC5102 SINFONI 2007 Mar 21 UT4d-Yepun 12 x 600 12 = 600 0.05 6.2 82.2 078.3-0103(A)
NGC5206 SINFONI 2011 Apr 28 UT4d-Yepun 3 x 600 3 = 600 0.05 6.2 =52.2 086.8B-0651(B)
NGC5206 SINFONI 2013 Jun 18 UT4-Yepun 3 x 600 3 = 600 0.05 6.2 852.2 091.3-0685(A)
NGC5206 SINFONI 2014 Mar 22 UT4d-Yepun 3 x 600 3 x 600 0.05 6.2 =52.2 091.3-0685(A)
Nore. — Column 1: galaxy name. Column 2: name of observations in which the data were taken. Column 3:

the Universal Time date when the observations were processing. Column 4: the instrumentation in which the data
were taken. Column 5: the exposure times of the observations. Column 6: the sky-off sources exposures during the
observations. Column 7: the pixel scale of each camera. Columns 8 and 9: the median FWHM for the galactic nuclei
cubes at (R ~ 5500 A), which is used to create the line spread function used in pPXF stellar kinematics. Column 10:
the principle investigator identification nmumbers.



doTomMeTpUA

Badius Radins
1 10 fpe] 100 _ ol 1.0 10.0 [pe] 100.0 10008
o Wi WG 205
2 arsesn 3 O FEEEN
1 ORI O FB14W
= FBL4WLa8 % WaThim +05
- +1-Baad HET

-8 1.0 10.0 100.0

1.0 0.1 E ] 10,0
Eadius [*] Radius [*]

10000

Figi. 1. The surface brightness profiles of each galaxy studied here. The profiles ave constricted from a combination
of growmd-based and HST imaging. The blue lines show V/FA50W /FRATM profiles, while the red lines show §/FRLAW
profiles, All magnitwdes/colors are corrected for foreground extinetion, Svmbols show the dats, while the best fitting
1D surface brightiess profiles are shown as =olid lines, Each component of the best-fit models are also plotesd for
visualization {the mnermoest Sérsie component is shown in dotted line, the second largest is shown as a dashed, and
when present, the outermost component 15 shown in the long-dashed line), The residusls of the fits are shown in
the middle-panel plots and the (V - £, color profiles are illustrated in the bottom-panel plots iocluding the dets
[open-Back symbols) and the best-fit model (Black solid line), Different symbols are plotted correspondingly to their
data set, which are shown in the legend of each top panel, The inner snd outer vertical dashed lines show the ends of
the H3T and growml-based data, respectively, The grey regions in the plots of NGCS102 and NGCH306 indicate the
areas beyond cur fitting radios,
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Object Filter sB T T'eff., i reff.,i e PA; b/a; ;\ff Ly M, i, pop. Comp.
@) (o)  (mag) °) (x107Le)  (x107Mg)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
Free PA
M32 Fe1d4W 2D 2.74+0.3 1.1+0.1 4.4+04  11.0+0.1 | —23.440.5 | 0.75+0.03 1.040.1 1.45+0.15 NSC
2D 1.6+£0.1 27.0+1.0 1085+4 T.0+£0.1 | =24.7+£0.4 | 0.79+£0.07 L7 44.7+0.7 82.4+1.7 Bulge
1D* 1 129 516 8.6 —25.0+0.7 | 0.79+£0.05 9.5+0.5 20.3+0.7 sk
Fixed PA
M32 Fs14W 2D 2.74+0.3 1.14+0.1 4.440.4 11.14+0.1 —25.0 0.7520.09 1.04+0.1 1.5040.20 NSC
2D 1.64+0.1 27.0+1.0 10844 7.14+0.1 —25.0 0.79+0.11 2.0 44.010.7 51.0+1.5 Bulge
10> 1 129 al6 5.6 —25.0 0.79+0.08 9.54+0.5 20.3+0.7 Disk
Free PA
NGC205 Fs1dW 2D 1.6+0.2 0.34+0.1 1.3+0.2  14.0+£0.2 | —=37.1+1.4 | 0.95+£0.03 0.10+0.07 0.24+0.1 NSC
1D* 1.4 120 516 7.0 —40.4+1.0 | 0.90+£0.07 5.5 54.0+7.0 108413 Bulge
Fixed PA
NGC205 Fs14W 2D 1.64+0.2 0.310.1 1.34+0.2 14.0+0.2 —40.4 0.951+0.06 0.10+0.05 0.2+0.1 NSC
1D* 1.4 120 516 7.0 —40.4 0.91+0.05 5.9 54.0+7.0 108410 Bulge
Free PA
NGC5102  Fh4TM 2D 0.840.2  0.1+0.1 1.6+1.6 15.5+0.4 56.1+1.5 0.68+0.06 1.840.4 1.1+0.2 NSC,
2D 3.14+0.1 2.0+0.3 32.0+4.8 13.84+0.3 51.14+1.7 0.59+0.04 3:3 85.54+0.5 6.80+0.3 NSCa
1D* 3 75 1200 9.3 50.0 0.60+0.07 21048 674410 Bulge
Fixed PA
NGC5102  F4TM 2D 0.840.2  0.1+0.1 1.6+1.6 15.5+04 50.5 0.68+0.05 1.8+0.4 1.1+0.2 NSy
2D 3.1+0.1  2.04+0.3 32.0+4.8 13.8+0.3 50.5 0.60+0.08 3.6 8.5+0.5 6.80+0.3 NSCo
1D* 3 75 1200 10.1 50.5 0.63+0.10 21048 67T4+18 Bulge
Free PA
NGC5206 FS14W 2D 0.84+0.1 0.21+0.1 3.44+1.7 16.7+0.3 36.01+0.1 0.961+0.03 0.09+0.03 0.17+0.04 NSCh
2D 2.340.3 0.61+0.1 10.5+1.7  14.840.2 38.51+1.4 0.9610.02 2.4 0.6410.05 1.284+0.07 NSCa
1D* 2.57 o 086 10.1 a8.6 0.98+0.01 12245 260412 Bulge
Fixed PA
NGC5206 FSI4AW 2D 0.840.1  0.2+0.1 3.4+1.7  16.7+0.3 38.3 0.96+0.03 0.09+0.03 0.17+0.04 NSCq
2D 2.3+0.3  0.6+0.1 10.2+1.7 14.8+0.2 38.3 0.97+0.03 2.7 0.64+0.06 1.28+0.07 NSCo
1D* 2.57 a8 O%6 0.1 38.3 0.98+0.01 12245 260+12 Bulge
N o P —— (1!'\.]111‘1’”‘\ 1 - f'l'*.’l‘."‘«".' T3 ¥ Y18 r‘.f'\.]l'l'r"ll"il-: ‘)' +.|"i.l'h 'ﬁl"'j’\.f‘u 'i'l" ".ITI'I;I"‘]'\ f]"i.l'\ 'i'l"l'\‘_\f'l'_l’\.u TETEATE S J'\]'\L!J'\T‘Tr.fhl"] r‘.f'\.]'l'l'r'r'l Eal Q' +l"|,|’\ QI:.T"L:;I"
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ABSTRACT

We present observational constraints on the stellar populations of two ultra-diffuse galaxies (UDGs)
llHlIlg optical through near-infrared (NIR) spectral energy distribution (SED) ﬁttlng Our analysis
is enabled by new Sp?fzr* ~IRAC 3.6 pm and 4.5 pm imaging, archival optical imaging, and the
prospector fully Bayesian SED fitting framework. Our sample contains one field UDG (DGSAT 1),
one Virgo cluster UDG (VCC 1287), and one Virgo cluster dwarf elliptical for comparison (VCC 1122).
Independently of SED fitting, we find that the optical-NIR colors of the three galaxies are significantly
different from each other. We infer that VCC 1287 has an old ( 2 7.7 Gyr) and surprisingly metal-poor
([Z/Zz] & — 1.0) stellar population, even after marginalizing over uncertainties on diffuse interstellar
dust. In contrast, the field UDG DGSAT I shows evidence of being younger than the Virgo UDG,
Wlth an {*xt{*ndvd star f{)rmdtmn hl‘-;t.{)IT dIld an age p{)Ht{‘I‘l{)I' extending d{)wn t{) ~ 3 Gyr. The stellar
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Table 5
prospector Results With Dust

Parameter VOO 1122 DGSAT 1 VOO 1287
UG F0.16 e F0.05
log M, /My 7.83700% 8127018 782700

08
Z/Z0] 10508 0esthl < 15
7 [Gyr] < 1.81 > 3.20 < 1.93
tage [Gyr] > 7.56 gaIEes > 8.66
Ay [mag] < 0.42 < 0.26 < 0.16
Note. — Summary statistics for the marginalized posterior of

each free parameter shown in Figure 4, in the case where diffuse
interstellar dust is fit as a free parameter with a uniform prior of
Ay = 0—4 mag. In cases where the posterior distribution is skewed
and hitting up against the prior limit (e.g., tage = 14 Gyr), we
instead give either the lower or upper limit (16th or 84th percentile,
respectively). Otherwise, the 16th, 50th and 84th percentiles of the
posterior distribution are given. Note that the stellar masses given
here are aperture masses; total stellar masses derived via GALFIT
are given in subsection 3.6.

Table 6
prospector Results With Minimal/No Dust

Parameter VOO 1122 DGSAT 1 VOO 1287

log M. /Mg T.Rfiti:[;:[‘,gg_i 8. 13%:[;:‘1; T'm%f‘ﬁz
12/ 2] —0.70 p16  —027 5322 —1.56_079
T [Gyr] < 177 >3.21 < 2.12
tage |Gyr] > 8.59 7.12%3- 18 > T7.74
Av o] 00107005 :
Note. — Same as Table 5 but now we assume zero diffuse

interstellar dust (Ay fixed to 0 mag) for the two UDGs. For the
dE, instead of fixing Ay = 0 mag, we include IRAC4 in the fit and
assume a uniform prior over Ay = 0 — 4 mag. The vastly reduced
o R ol v Tk g ] e AL, chmre fhadt TR AMNA alame e miride halefil
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ABSTRACT

We present the first constraints on stellar mass-to-light ratio gradients in an early-type
galaxy (ETG) using multiple dynamical tracer populations to model the dark and
luminous mass structure simultaneously. We combine the kinematics of the central
starlight, two globular cluster populations and satellite galaxies in a Jeans analysis
to obtain new constraints on M87’s mass structure, employing a flexible mass model
which allows for radial gradients in the stellar mass-to-light ratio. We find that, in
the context of our model, a radially declining stellar-mass-to-light ratio is strongly
favoured. Modelling the stellar mass-to-light ratio as following a power law, T, ~ R™F,
we infer a power-law slope p = —0.54 £ 0.05; equally, parameterising the stellar-mass-
to-light ratio via a central mismatch parameter relative to a Salpeter IMF, «, and scale
radius Ras, we find a > 1.48 at 95% confidence and Ry = 0.35 £ 0.04 kpe. We use
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Figure 2. Inference on the dark, stellar and total mass profile

in the anisotropic model. At radii < 10 kpe ~ R., the stellar
mass dominates, whereas beyond this, the dark halo becomes the
main contributor to the potential. Our kinematic data extend
from ~ 10 pc to 1 Mpe, which is the radius range spanned in this
Figure. Note that we include systematic uncertainties as described
in Section 5.
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Figure 4. Left: The stellar mass-to-light ratio inferred dynamically, shown in blue, declines much more rapidly than can be achieved
by gradients in the age, metallicity, star formation history and dust extinction of the stellar populations under a fixed IMF, suggesting
that an IMF gradient may be the driving factor. Indeed, the stellar mass-to-light ratio is consistent with stellar population models
that assume a Salpeter IMF at small radii, but consistent with stellar population models assuming a Chabrier-like IMF at larger radii.
Right: the IMF mismatch-parameter a4 as defined in Equation 15, again showing that the mismatch between the dynamically-inferred
stellar mass-to-light ratio and the stellar population-modelling-inferred stellar mass-to-light ratio under the assumption of a Chabrier
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Figure 5. Inference on the slope of a broken-power-law IMF with
slope £ = 2.3 for M > 1Mg and £ =1 for M < 1Mg. We use
FSPS to calculate magnitudes on a grid of ages, metallicities and
I', and obtain the posteriors on these quantities based on 11-band
HST photometry and our dynamical inference on the projected
stellar mass as a function of radius. Our model clearly requires an
IMF that becomes increasingly bottom-heavy towards the centre.
Nevertheless, it is possible that alternative models which allow
greater flexibility in other stellar population properties may also
be able to reproduce the photometry and mass inference simul-
taneously.



