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Figure 1. Left: Reproduction of V-band data obtained in Danieli et al. (2022) using Hubble Space Telescope WFC3/UVIS
camera, containing UDG1 and a nearby field (post-selection criteria described in Danieli et al. (2022)). Circles represent 2re↵
and 3re↵ of the stellar light profile, with re↵ the Sérsic radius. Right: A scatter plot of objects from the left panel, divided into
magnitude bins. The magnitude bins for objects at mV < 25.0 mag are relatively clean from background contamination. In
comparison, contamination is significant for the bin 25.0 < mV < 26.5 mag. In our main analysis, we primarily use the r < 2re↵
data of the mV < 25.0 mag bins. We present a preliminary analysis of the 25.0 < mV < 26.5 mag bin in App. D, showing that
the faint objects also exhibit radial clustering above the background, comparable to the stellar body.

The left panel of Fig. 1 shows the V -band Hubble61

Space Telescope (HST) WFC3/UVIS image of UDG162

and its nearby field, adapted from Danieli et al. (2022).63

The right panel shows all compact sources that were64

selected as GC candidates based on the photometric se-65

lection criteria in Danieli et al. (2022). In this work we66

focus on a low contamination sample of GC candidates,67

consisting of the 33 mV < 25.0 mag objects contained68

within 2re↵ (twice the Sérsic half-light radius of the stel-69

lar body; inner circle in Fig. 1), which has a background70

contamination of about 1 object, estimated by compar-71

ison to the nearby field (Danieli et al. 2022). Spectroc-72

scopic information is available for 11 of these bright GCs73

(Müller et al. 2020).74

It is noteworthy that most of the brighter GCs in75

the right panel of Fig. 1 are concentrated in the region76

r < re↵ . To explore this further, in Fig. 2 we show the77

luminosity of this sample of GCs vs. their projected dis-78

tance from the center of the galaxy. The data shows a79

clear trend: more luminous GCs are on average closer80

to the center of the galaxy. We estimate a p-value81

of about 1% for the hypothesis that the data is82

a chance fluctuation and that there is no mass83

segregation (see App. A). This luminosity or mass84

segregation calls for a quantitative dynamical explana-85

tion.86

In this paper we show that this explanation can be87

naturally provided by dynamical friction. The deceler-88

ation experienced by a GC due to dynamical friction in89

a galactic halo is roughly proportional to the GC mass90

m?. Therefore, more massive GCs inspiral closer to the91

center of the galaxy, resulting in mass segregation. This92

simple picture can be expected to hold over an interme-93

diate duration of time: long enough to enable dynamical94

friction to act, but short enough so that GC mergers do95

not convert a large fraction of the total mass in GCs into96

a nuclear cluster. As we will demonstrate, using more97

detailed analytic estimates as well as a suite of numeri-98

cal simulations, UDG1 as we view it today may indeed99

be in this intermediate stage.100

The paper is organized as follows. In Sec. 2 we dis-101

cuss dynamical e↵ects that shape the GC population in102

UDG1 and similar galaxies. In Sec. 3 we recapitulate103

observational studies of UDG1, and define benchmark104

mass models. In Sec. 4 we set up and study N-body105

simulations, in which some dynamical e↵ects (notably106

dynamical friction and GC mass loss) are modeled semi-107
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FIG. 20: N-body simulations compared with semianalytic integration, showing the orbital decay of a GC with MGC = 2 ⇥ 105 M�
(left) and MGC = 1.6 ⇥ 106 M� (right). The GC is initialized on a circular orbit at RGC(t = 0) = 0.75 kpc. The halo parameters
are similar to those chosen in Ref. [70].
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We implement mass loss in the simulations by updating the GC mass every 2 Myr. At each evaluation we choose
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= �max
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◆

tid

�
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For a GC population evolving over duration t, assuming the GCIMF of Eq. (12) with ↵M ⇡ 2, the mass loss rate dictates
the peak of the GCMF at MGC,peak ⇡

�
dMGC

dt

�
iso

t (for this estimate we neglect tidal losses). The rate assumed in Eq. (13)
then leads to MGC,peak ⇡ 105 M�, consistent with observations [28, 56, 77, 83, 84]. The UDG1 GCMF analysis of Ref. [32]
also seems consistent with these estimates: judging from Fig. 5 there, GCs with initial mass of 105 M� lose about 85% of
their mass during the evolution, and essentially no GCs which start at MGC < 0.5⇥ 105 M� survive to the present day.

We note that the mass loss rate for an isolated GC, quoted in Eq. (13), is larger by a factor of ⇠20 than the corresponding
mass loss rate adopted in Ref. [23] (guided by Ref. [85]). The main di↵erence in these estimates can be tracked down
to di↵erent estimates of the half-mass relaxation time, which, in turn, seems to stem from di↵erent numerical baseline
estimates of GC central densities, or half-mass radii7. Low mass loss rate requires stronger DF at fixed GC radial distribution
today [22, 23], and numerical exploration in App. C 3 shows that it also increases the statistical spread of the evolved GC
radial distribution compared to its spread at larger mass loss rate. Because of these e↵ects, Ref. [23] obtained lower
estimates for the DM content of UDG18.

The mass loss rate adopted in [23] would lead to MGC,peak ⇡ 104 M�, an order of magnitude lower than the peak
inferred from observations. Thus, if this mass loss rate estimate is correct9, it would imply that the power-law GCIMF
model, and perhaps the basic association of GCs with evolved YMCs [55–57, 79] may need to be revised.

FIG. 2: Tidal radius for GCs in the Burkert (left) and NFW (right) halo models, for GC mass of 104, 105, 106 M�.

7 Ref. [23] considered half-light radii of GCs in UDG1 as part of their observational input, based on data from Ref. [32]. This is a very interesting
approach; however, GCs in UDG1 are only resolved by a few HST pixles at best, and the di�culty is greater for the smaller GCs for which mass
loss is most important. Given that a factor of 2 error on l1/2 translates to a factor of 8 error on ⇢1/2, we opt not to include this information
without a dedicated study of the related systematics.

8 We thank the authors of Ref. [23] for a discussion on this point.
9 See also discussion in [86].
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I. INTRODUCTION

Globular clusters (GCs) act as massive probe particles traversing the halo of their host galaxy. Dynamical friction (DF)
causes GC orbits to contract over time, so the distribution of GC projected radial positions in dark matter (DM)-dominated
galaxies provides information on the DM halo [1–24]. This information is distinct from the information available from
stellar kinematics: while kinematics relies on the mean field of the halo, DF is an beyond-mean field e↵ect that arises from
gravitational scattering between GCs and halo particles.

Dwarf and ultradi↵use galaxies (UDGs) [25–28] are promising systems to explore DM-induced DF, because they tend
to host large numbers of GCs relative to their stellar mass, and because kinematics suggest that at least some dwarf and
UDGs are DM-dominated. A good example is NGC5846-UDG1 (UDG1) [22, 29–33], which hosts about 30 GC candidates
within twice its stellar Sérsic radius Re ⇡ 2 kpc. Ref. [30] noted that UDG1’s GCs show evidence of mass segregation, and
Refs. [22, 23] demonstrated that this mass segregation can indeed be attributed naturally to DM-induced DF. A similar
result was reported in [24] for the dwarf galaxy UGC7369. If these interpretations of GC data are correct, they amount to
a rare beyond-mean field positive signature of DM, and can lead to constraints on the particle nature of DM (see, e.g.,
Ref. [21]; related e↵ects are dynamical heating and relaxation [34–38])1.

To illustrate the potential of GC data, Fig. 1 shows a sample of results from the main body of this paper (Sec. IV). On
the left is an image of UDG12. To the right, panel (a) shows results for a DM model of the halo, and panel (b) shows a
DM-free model. In each case, we run 30 simulations evolving GC orbits over 10 Gyr, and plot the GC luminosity cumulative
distribution function (CDF) today, normalised to its value at projected radius r? = 2Re. Green lines are simulation results,
thick black line is observed data. We see strong preference of the DM model over the DM-free model. Our main goal in
this work is to begin a systematic exploration of the information content of this and similar data sets.
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FIG. 1: Left: UDG1 with circles marking multiples of the stellar Re. CDF panels: GC cumulative luminosity, simulations (green) vs.
data (black); panel (a): a model with DM; panel (b): a model without DM.

1 Other beyond-mean field analyses focus on DM substructure, via, e.g., gravitational lensing magnification anomalies [39–42], stellar streams [43–
45], and precision astrometry [46, 47].

2 We are grateful to Shany Danieli for providing this image.
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a rare beyond-mean field positive signature of DM, and can lead to constraints on the particle nature of DM (see, e.g.,
Ref. [21]; related e↵ects are dynamical heating and relaxation [34–38])1.

To illustrate the potential of GC data, Fig. 1 shows a sample of results from the main body of this paper (Sec. IV). On
the left is an image of UDG12. To the right, panel (a) shows results for a DM model of the halo, and panel (b) shows a
DM-free model. In each case, we run 30 simulations evolving GC orbits over 10 Gyr, and plot the GC luminosity cumulative
distribution function (CDF) today, normalised to its value at projected radius r? = 2Re. Green lines are simulation results,
thick black line is observed data. We see strong preference of the DM model over the DM-free model. Our main goal in
this work is to begin a systematic exploration of the information content of this and similar data sets.

1
0.5

0.25

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

UDG1_core_fDM4_fMmx2_fReGC1

(a)

0 0.5 1 1.5 2
0

0.2

0.4

0.6

0.8

1

UDG1_core_fDM0_fMmx2_fReGC1

(b)

FIG. 1: Left: UDG1 with circles marking multiples of the stellar Re. CDF panels: GC cumulative luminosity, simulations (green) vs.
data (black); panel (a): a model with DM; panel (b): a model without DM.

1 Other beyond-mean field analyses focus on DM substructure, via, e.g., gravitational lensing magnification anomalies [39–42], stellar streams [43–
45], and precision astrometry [46, 47].

2 We are grateful to Shany Danieli for providing this image.
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FIGURE CP.PTIONS 

Fig. l The non-derivative part of the Lagrangian, U(¢), for 

a theory with a false vacuum. 

Fig. 4. V(q}, the potential for a particle theory with a 

false ground state. 

Fig. 3. The potential energy for the mechanical analogy to 

Eq. (3.7). 

Fig. 4. A space-time diagram of the classical growth of the 

bubble of true vacuum after its materialization. The 

bola is the path traced out by the bubble wall. The observer 

0 only receives warning that the bubble is expanding towards 

him when he- crosses the light-cone W. 

u 

<P Fig. 1 

v 
\ 

q Fig. 2 

-u 

¢ Fig. 3 

t 

//f /w 
Fig. 4 

I //A 
1/ 1/ I 

R 0 - lxl 

S. Coleman ’77
Fate of the False Vacuum

Figure 1: One, two, three orthogonal t⇤-surfaces for a bounce in N=3.

symmetries (parity) across all of the x̂
⇤
i surfaces and is a solution of the reduced problem.

Step 2. The uniqueness of x0 = t
⇤ = 0 isolates the point ~x = 0 as the intersection of the

N reflection surfaces of �PN . The point ~x = 0 is the physical centre of the bounce. It is easy
to see that the centre of the bounce is unique, namely that any reflection surface (orthogonal to
some arbitrary direction n̂) must pass through ~x = 0. To see this, consider a surface orthogonal
to some direction n̂ that is a linear combination of the original x̂i. If the new surface does not
pass through ~x = 0, say it is displaced from the origin by an impact parameter d, then by a
combination of N reflections across the original x̂i axes we can construct a new surface parallel
to the first one and displaced from it by 2d along n̂, in contradiction with the uniqueness of the
reflection surface per direction n̂.

Step 3. �PN is invariant to O(N) rotations around ~x = 0. Consider �PN
a (~y) for some

arbitrary point ~y. An infinitesimal O(N) rotation takes �PN
a (~y) ! �PN

a (~y+ ✏n̂), where n̂ ·~y = 0.
Assigning the coordinate x0 to the direction n̂, the coordinate x1 to ŷ, and using Eq. (35) we
find

��PN
a = ✏

✓
@�PN

a

@x0

◆

x0=0

= 0. (36)

Thus �PN is O(N) invariant. Fig. 1 illustrates the construction for N = 3.

Step 4. Finally, we show the O(N) invariance of the original configuration �. From step 3
we know that after N reflection operations, the original � becomes the O(N) symmetric �PN .
Take one step back and consider the configuration �PN�1 obtained after N � 1 reflections. Note
that from �PN�1 we obtain an N -fold parity invariant configuration, and therefore an O(N)
symmetric configuration, both if we reflect the region xN�1 > 0 onto the region xN�1 < 0
or vice-verse, xN�1 < 0 onto xN�1 > 0. Given a continuously di↵erentiable U we know that
solutions of the reduced problem are continuous3. From continuity it follows that �PN�1 must
already be O(N) symmetric. Tracking the argument N � 1 times backwards we conclude that
the original configuration � is O(N) symmetric.

3
A solution of the reduced problem satisfies an elliptic di↵erential equation given by Eq. (1) with (@U/@�a) !

�2
(@U/@�a) with �2 > 0, and so it is continuous for continuously di↵erentiable U .

7
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False vacuum decay

Basic questions about cosmological phase 
transitions. 

Real-time perspective on dynamics. 

Does bubble nucleation produce gravitational 
waves? 
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