
DYNAMIC WITH EUCLID GLOBULAR CLUSTERS

🍿

What will Euclid measure concerning the GCs?
Stellar mass based on luminosity

🍿 Projected position in the sky

🍿 Projected size (it will be difficult to estimate)

🍿 Photometric redshift 

🍿 Number per galaxy

🍿 Environment: isolated GCs? Properties of the host galaxy?

Lançon et al. 2021

🍿 Age/Metallicity (it will be difficult to estimate)

🍿 Projected distance to the host galaxy



DYNAMIC WITH EUCLID GLOBULAR CLUSTERS
New constraints on? Improve our understanding of?

EUCLID STRENGTH:  
STATISTICS!!

🍿 Nature of dark matter

🍿 Nature of globular cluster

🍿 Galaxy formation model
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Constraining the nature of dark matter

Shapes of DM haloes from GCs in E-MOSAICS 7

Figure 5. Identification of the isodensity contours in the stellar surface brightness map (top row) and number density map of GCs (bottom row) hosted in
FOF000 from the E-MOSAICS volume. The projected images are smoothed by applying a Gaussian filter with a kernel size of 2 per cent of A200. To identify the
contours, we first calculate the median density within 32 logarithmically-spaced radial bins (left panel), which we show as a function of the galactocentric radius
(middle panel). The blue shaded region corresponds to the 25–75th percentiles, and the grey shaded region indicates the size of the Gaussian kernel. Then, we
interpolate the radial profile at seven radial distances (vertical lines in the middle panel) and draw the isodensity contours corresponding to the values at those
distances (right panel). As a reference, the thin dotted black circle marks the extent of the virial radius of the halo. Structures identified with contours of the
same colour correspond to the same equivalent radial bins as derived from the radial profile.
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Figure 6. Qualitative comparison of the structures identified using isodensity contours in the surface density maps of DM and total mass (black lines), and
on the stellar surface brightness maps (dashed orange lines) and the number density maps of GCs (solid red lines) for three representative haloes within the
E-MOSAICS volume. These haloes span our simulated sample with halo masses log10 ("200/"�) = 13.7, 12.2, 11.7, respectively, and central galaxy stellar
masses log10 ("¢/"�) = 11.3, 10.6, 10.0. The isodensity contours are identified on the projected images smoothed with a Gaussian kernel size of 2 per cent of
A200. The background images correspond to the unsmoothed surface density maps of DM in each halo. The isodensity contours can only be identified wherever
there is signal in the projected image, which for lower mass haloes is generally restricted to the inner regions of the halo (e.g. FOF042 and FOF166).
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Shape of host dark matter halos  
from 
the stellar surface brightness maps 
the number density maps of GCs

🍋

Reina-Campos et al. 2022
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Constraining the nature of dark matter

Structural parameters of their host dark matter  
halos (slope, scale radius, virial radius,  
concentration)  
from  
the projected radial profiles of GCs

🍋

GC spatial distributions in E-MOSAICS 15
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Figure 10. Correlations between the spatial distributions of GCs and the structure of the DM haloes of their host galaxies. From top to bottom, the rows show
the power-law slope, UPL, the scale radii of the NFW profile, ANFW

s , the extent of the halo, A200, and the concentration parameter, 2200, as a function of the
power-law slope and the e�ective radius of the fiducial GC populations. Small circles correspond to the 166 central galaxies that contain at least 10 GCs within
the fiducial metallicity cut, and are colour-coded by the galaxy stellar mass. The orange dotted lines with shaded regions correspond to the median and 25–75th
percentiles in each panel, and the black dashed lines show the linear fits summarised in Table 3. The Milky Way is shown by the magenta star with errorbars
(Harris 1976; Wolf et al. 2010; Hudson & Robison 2018; Cautun et al. 2020). The crosses with errorbars correspond to the sample of ETGs from Alabi et al.
(2016, 2017), and the diamonds with errorbars indicate the sample of ETGs from Hudson & Robison (2018). For details on the observational data, we refer the
reader to the text. Both the power-law slope and the e�ective radius of GC populations are good tracers of the structural properties of their host DM halo.

small circles, and the star corresponds to the observational data of the
GCs in the Milky Way (Harris 1976; Wolf et al. 2010; Cautun et al.
2020). The crosses and diamonds show the sample of ETGs from
the SLUGGS survey (Alabi et al. 2016, 2017), and from Hudson &
Robison (2018), respectively. We encode the actual properties of the
DM haloes in the colour of the data points. As discussed in Sect. 4,
more massive galaxies that host shallower GC radial profiles also
reside in DM haloes with shallower profiles that have larger scale

radii by a factor of ⇠ 5–10. Comparing to the observational samples,
we find that the sample of ETGs from the SLUGGS survey should
be used with care in this parameter space due to the way that the GC
spatial distributions are calculated: i.e. they use a literature-based
relation of the de-projected slope of GC number density profiles with
galaxy stellar mass to determine the slopes of their GC populations.
This can be seen in the lack of scatter in these data in the middle and
right panels of Fig. 11. Despite this, we find that overall the simulated

MNRAS 000, 1–21 (2021)
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Fornax GC timing problem 3
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Figure 1. Density (top), enclosed mass (middle) and circular
velocity/radial velocity dispersion (bottom) profiles of the halo
models used in this study. The profiles (shown with circles/thick
curves) correspond to the 16M-particle N-body realization of each
model, and are plotted after the halo has been run for ⇠ 4 Gyr
to allow it to relax to equilibrium. Blue corresponds to the cuspy
NFW halo, and red to the non-singular isothermal (cored) halo.
The analytic NFW profile is shown with thin black lines. The
contours in the middle panel are constraints on the enclosed
mass within ⇠ 1 kpc, derived from the stellar velocity disper-
sion and density profiles (see Fattahi et al. 2016, for details). In
the same panel, crosses indicate the estimates of Walker & Peñar-
rubia (2011) and Amorisco et al. (2013). The grey shaded band
corresponds to the recent kinematic analysis of Read et al. (2019).
All of these estimates coincide at r ⇠ 1 kpc.

The isothermal profile has r0 = 3⇥107M�/kpc3 and rcore = 1
kpc.

The contours in the middle panel of Fig. 1 indicate the
constraints derived by Fattahi et al. (2016) on M(< 1 kpc).
For comparison, we also indicate with crosses the constraints
at various radii from Walker & Peñarrubia (2011) and Amor-
isco et al. (2013). The grey shaded band corresponds to the
results of the recent kinematic analysis of Fornax’s stellar
component of Read et al. (2019). Note how all of these esti-
mates concur at r ⇠ 1 kpc to a mass close to what is assumed
in our models.

For reference, the circular orbit timescale is tcirc ⇡ 3⇥108

yr at r = 1 kpc for both models; at r = 0.1 kpc, tcirc = 8⇥107

yr for the NFW case, and tcirc = 2.2 ⇥ 108 yr for the cored
halo.

2.2 GC models

GCs are modeled as single softened point masses. Three dif-
ferent masses were chosen in our runs: a fiducial value of
MGC = 3 ⇥ 105 M�, similar to Fornax GC3 (NGC 1049), the
most massive cluster orbiting Fornax (Mackey & Gilmore
2003). We also explored models with MGC = 105 M�, compa-
rable to GC2, GC4 and GC5. The other GCs in Fornax has
much lower mass (GC1, 3.7 ⇥ 104 M�). Recall that dynami-
cal friction times scale inversely with mass. In the absence
of other complicating factors, and in the regime where the
GC mass is small compared to that enclosed within its orbit,
the orbital decay of di↵erent clusters should be similar, once
their times are inversely scaled by cluster mass. We assume
that GC masses remain constant during the evolution. This
neglects possible mass losses due to internal collisional pro-
cesses within the cluster. Including this e↵ect would result in
even longer orbital decay timescales than the ones reported
here, so our results may be regarded as conservative from
that point of view.

2.3 N-body models

Equilibrium N-body models with 1.6 and 16 million particles
are generated for each halo using the software package Zeno4

developed by Josh Barnes at the University of Hawaii. This
package allows for the creation of a number of systems in
virial equilibrium by MonteCarlo sampling the appropriate
distribution function.

The simulations were run with the publicly available
Gadget2 code (Springel 2005), with standard numerical in-
tegration parameters. Pairwise interactions between N-body
particles are softened with a Plummer-equivalent softening
length of eP = 66.4 and 210 pc, for the 16M and 1.6M particle
halos, respectively. The halo particle mass is 1.78 ⇥ 102 M�
(cusp) and 1.99⇥102 M� (core) for the 16M particle realiza-
tions. Particle masses are 10⇥ larger for the 1.6M-particle
halos.

Each halo model is run for ⇠ 4 Gyr in isolation to allow
them to equilibrate and fully relax before introducing the
GC. The profiles shown in Fig. 1 are measured at the end

at a radius where the mean enclosed density equals 200⇥ the crit-
ical density for closure, and are identified with a “200” subscript.
4 http://www.ifa.hawaii.edu/faculty/barnes/zeno/

MNRAS 000, 1–?? (2019)
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Constraining the nature of dark matter

Host dark matter halo profile by  
resolving the Timing problem:  

« The infall time of GCs can be much 
shorter than the Hubble time in a NFW 
 halo, so why we observe them? » 

from 
the spatial distribution of GCs  

Revealing core stalling effect or not! 

🍋

4 Meadows et al.

of these equilibration runs. Careful centering is required to
obtain robust results; we use in our analysis the reference
frame given by the gravitational potential-weighted center
of all halo particles; i.e., ~xC = ÂFi~xi/ÂFi; ~vC = ÂFi~vi/ÂFi

GC particles are softened with eP,GC = 13 pc and are
introduced at the end of the equilibration period. They are
placed at various radii (typically rinit = 0.5, 1, and 2 kpc) on
circular orbits with random orientations. Their radial evo-
lution is then monitored as a function of time. Most of the
runs reported here correspond to the 1.6M model; a rep-
resentative sample of those have been repeated with the
16M-particle model, with indistinguishable results. We have
also repeated several runs varying eP,GC. No significant vari-
ations were seen in the GC orbital evolution for values of
eP,GC smaller than adopted for our runs, although substan-
tially longer dynamical friction decay times were seen for
(unrealistically) large values of eP,GC. For eP,GC ⇠ 10 pc, for
example, GCs take roughly twice as long to decay than for
our fiducial value of 13 pc.

3 RESULTS

3.1 Orbital decay timescales

The time evolution of the fiducial mass GC (MGC = 3 ⇥
105 M�, similar to the most massive Fornax GC, NGC 1049)
is shown in the top panel of Fig. 2. The figure shows the
evolution of three di↵erent runs per halo, each with di↵er-
ent starting radii, rinit = 2, 1, and 0.5 kpc. Curves for the
latter two have been shifted horizontally so that they coin-
cide in radius and time, at the beginning, with the rinit = 2
kpc case. All three curves are essentially indistinguishable
from each other. This highlights the fact that the GC evolu-
tion is independent of starting radius, as expected if orbits
remain roughly circular throughout the evolution.

This figure illustrates a few interesting points. One is
that, if NGC 1049 had formed at 2 kpc from the center, then
it would only have decayed to a distance of ⇠ 1 kpc after a
Hubble time. The orbital decay accelerates once the cluster
reaches 1 kpc, and the cluster quickly sinks to the center in
the case of the cusp, or “stalls” at rstall ⇠ 0.3rcore = 300 pc in
the case of the core5.

This behaviour is consistent with earlier work (see; e.g.,
Goerdt et al. 2006; Read et al. 2006; Cole et al. 2012): GCs
always stall at ⇠ 0.3rcore, when the core radius is defined as
that where the density drops to half its central value.

Interestingly, the time the cluster takes to either sink or
stall is approximately the same, ⇠ 18 Gyrs (⇠ 4 Gyrs since
the cluster reached 1 kpc) in both cases. In other words,
dynamical friction timescales in cored or cuspy halos are es-
sentially indistinguishable for halos normalized as in Fig. 1.
The di↵erence is in the final radius reached by the cluster:
⇠ 300 pc in the case of the core, or the center in the case of
the cusp.

The middle panel of Fig. 2 confirms this conclusion for
the case of a cluster 5⇥ more massive, MGC = 1.5 ⇥ 106 M�.
The evolution of this cluster is exactly analogous to that

5 Note that GCs do not truly stall at rstall; rather, the rate of
their inspiraling slows down when clusters reach that radius. See
Sec. 3.2 below for details.
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Figure 2. Evolution of the radial distance of a MGC = 3⇥105 M�
(top), MGC = 1.5 ⇥ 106 M� (middle), and MGC = 105 M� (bottom)
globular cluster. The evolution is followed for roughly 20 Gyrs.
The cuspy, NFW halo case is shown in blue; the core case in red.
(The curves in black correspond to the 16M-particle halo model.)
Di↵erent hues correspond to independent runs with di↵erent ini-
tial radii, rinit = 2, 1, and 0.5 kpc, respectively, and are shown after
shifting their time origin so that their starting radii coincide. The
near perfect overlap between di↵erent curves shows that the nu-
merical results are independent of starting radii, as expected if
clusters remain on a nearly circular orbits as they decay. Clus-
ters either sink to the center (cusp) or stall (core), but do so on
similar timescales. The top panel corresponds to a cluster with
mass comparable to the most massive GC in Fornax (GC3/NGC
1049). Its orbit decays from 2 to 1 kpc in ⇠ 13 Gyr, before stalling
(core) or sinking (cusp) after ⇠ 18 Gyr. The middle panel repre-
sents a cluster 5⇥ more massive than NGC 1049. The bottom
panel corresponds to a mass comparable to GC2, GC4 and GC5.
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Constraining our galaxy formation model (& origins of GCs)
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Figure 6. Left: Number of GCs, NGC , as a function of host galaxy stellar mass. Simulation points are plotted as gray dots, with the average shown as the solid
black line and 1s variation shown as the gray shaded region. Simulated galaxies with no GCs after the mass function selection are shown as gray squares at
NGC = 0.2. Observational data for observed galaxies are plotted as solid lime green stars (Virgo, Peng et al. 2008), purple pentagons (Fornax, Prole et al. 2019),
and blue crosses (Local Group, Forbes et al. 2018). Average results from ELVES-II in Virgo- and Local Volume-like environments are shown in dark green
dot dashed and light blue dashed lines respectively. The simulation points tend to follow the trend and scatter of the observational data. Right: The specific
frequency, SN , as a function of host galaxy V-band magnitude, MV . MV and SN have been corrected to correspond to the mass to light ratio observed for Virgo
(see Appendix A). Colored shapes correspond to the same observations as before, with the addition of cyan squares (Coma Lim et al. 2018). Galaxies with
SN = 0 are shown as gray squares at SN = 0.07. The agreement of both measures of GC abundance with observations in terms of shape and scatter suggests that
the assumption that GC mass scales with halo mass holds to a reasonable extent, even into the dwarf regime.

number of GCs with M⇤ in the low-mass regime where stochasticity
starts to dominate. Instead, our results agree well with the conclu-
sions presented in Forbes et al. (2018), where the slope and scatter
of the GC content is consistent with a model where dwarf halos lay
on an extrapolation of the GC - halo mass relation measured for
more massive systems.

4.2 Radial extent of GCs

We show in Figure 7 our predictions for the (3D) radial extent of
the tagged GC systems as a function of stellar mass. We use the
half-number radius rh,GC to characterize the radial extent of the GC
systems, which we calculate by rank-ordering the GCs associated
to each galaxy in increasing distance to their host and finding the
radius of the GC that divides the sample in two. It is expected that the
accuracy of this estimate scales with the number of GCs, with dwarf
galaxies having the largest uncertainties given their low number of
GCs. In this figure, we include only simulated galaxies with NGC � 3
(gray circles), which allows for the determination of rh,GC (this cut in
NGC might not necessarily apply in observations (purple pentagons
and green triangles), where the half number radius is determined via
profile-fitting, see below). Projected sizes in observations have been
converted to 3D by multiplying the reported values by a (4/3) factor,
which assumes a spherical distribution (Somerville et al. 2018).

Given the relatively high spatial resolution of TNG50 (⇠ 290 pc
at z = 0), the radial extents of the GC systems considered here are
numerically well resolved. Their typical sizes increase from a few
kpc for dwarfs with M⇤ ⇠ 107 M� to rh,GC ⇠ 40 kpc for our largest
satellite galaxy with M⇤ ⇠ 1011 M�, with a significant object-to-

object scatter, in particular at the low-mass end. The median trend
is highlighted by the black solid line, with shaded regions indicating
the 25-75 percentiles in our sample. In agreement with observations,
simulated GCs are typically more extended than the stellar compo-
nent in galaxies, which is indicated by the gray-green shaded curve
and shaded area showing the median and 25-75 percentiles of the
half-mass radius of the stars in the same galaxies. On average, GCs
are a factor ⇠ 2-3 times more extended than the stars in galaxies,
with a hint at a smaller ratio for low-mass galaxies.

We reproduce well typical sizes for GC systems in MW-mass
galaxies, predicting rh,GC ⇠ 10 kpc for galaxies with M⇤ = 5⇥1010

M�, and an increasing size with mass, in good agreement with data
from Hudson & Robison (2018). This is not completely surprising
since the scale parameters in the Hernquist profiles used to tag the
red and blue GC components at infall were partially chosen in the
original model (see Ramos-Almendares et al. 2020) to reproduce
typical GC distributions in these scales.

It is interesting, however, to explore what predictions arise from
extrapolating the same scaling towards low-mass galaxies. We show
with purple pentagons data from dwarfs in the Fornax cluster, taken
from Prole et al. (2019). While our systems overlap with the ob-
served dwarfs, simulated galaxies seem to have systematically larger
half-number radii than observations. However, we caution that the
exact size measured is very sensitive to the definition chosen in sys-
tems dominated by low-number statistics, like GCs in dwarfs.

The bottom panel of Fig. 7 shows a different approach, often used
in observations of dwarf galaxies: determining the size of GCs based
on profile-fitting of the resulting stacked GC profile (instead of indi-
vidual GC counting in each galaxy as in the upper panel). We show

MNRAS 000, 1–17 (2022)

Distinguish dark matter theories and feedback mechanisms  
from 
the number and specific frequency of GCs 
especially for 
dwarf galaxies

🍋

Doppel et al. 2022

SN = NGC 100.4(MV+15)

GC formation in dwarf galaxies 9

Figure 4. Number of GCs (left panel) and total mass of GCs (right panel) vs the stellar mass of host galaxy. Red shaded region shows the interquartile range of
the present model, blue shaded region shows the interquartile range of the model from Choksi & Gnedin (2019b). We plot the observational data from (Harris
et al. 2013) as gray circles with errorbars, the data from Forbes et al. (2018) as open triangles, and the data from the LV (Carlsten et al. 2022a) as diamonds
with errorbars. We also plot the four main galaxies in the simulations as the red symbols, with the MW and LMC shown as the gray diamond and square for
comparison.
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Figure 5. Number of GCs (left panel) and total mass of GCs (right panel) vs the total mass of host galaxy. Red shaded region shows the interquartile range of
the present model, blue shaded region shows the interquartile range of the model from Choksi & Gnedin (2019b). We plot the observational data from (Harris
et al. 2017) as gray circles with errorbars, and data from Forbes et al. (2018) as open triangles. The long gray region shows the jointly fitted power-law relation
of the two observational datasets with intrinsic scatter. The power-law dependence from Zaritsky (2022, #GC / "

0.92
h ) is shown as the gray line in the left

panel, with the estimated scatter 0.5 dex plotted as the short gray region. The gray shaded region shows the power-law fit of the observational data, see the main
text for more details.

a factor of⇠ 2 of the average trend. Moreover, the observational trend
may be biased upwards as the data of dwarfs from Forbes et al. (2018)
only consider galaxies with non-zero clusters, and they measured
halo mass systematically below the derived values from the majority
of SMHM relations. A more appropriate comparison in the lowest-
mass end is with Zaritsky (2022), who revisited the observational

data by Forbes et al. (2020) and Carlsten et al. (2022a). These two
datasets both provide information about galaxies hosting zero GCs.
Forbes et al. (2020) studied the GC systems in the Coma cluster ultra-
di�use galaxies (UDGs). Zaritsky (2022) reconciled the number of
GCs in Forbes et al. (2020) by multiplying a factor of 0.27, taking
into account a more precise constraints on GC luminosity function

MNRAS 000, 1–15 (2023)
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Constraining the nature of globular cluster

Distinguish their formation mechanism: - in gas clouds - in dark matter substructure - both 

From 
their environment (Isolated GCs? Close to dwarfs? At different redshift?)

🍋

Sameie et al. 2022
Vitral & Boldrini et al. 2021
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🍿

Proposals for specific GC targets

GC velocity 

🍿 Profile for close GCs?

JWST

JWST


