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However, as noted earlier, the resolution of LITTLE THINGS
H I observations is not high enough to resolve the small H I disk
(∼60″ diameter) and distinguish between cusp- and core-like
DM behavior near the center of DDO 210. We note that DDO
210 has the most compact H I disk (in terms of the beam size,
e.g., Rmax H I ∼− 6.0beam

1 as given in Table 2) of the sample
galaxies. Likewise, some of our sample galaxies may still
suffer from beam smearing which is discussed in the following
section.

6. INNER DENSITY SLOPE VERSUS RESOLUTION

As in de Blok et al. (2001), for a quantitative examination of
the beam smearing effect on our sample galaxies, we plot the
inner density slopes α of the galaxies including the THINGS
sample as well as the two simulated dwarf galaxies (DG1 and
DG2) modeled by Governato et al. (2010) against the observed
radii of their innermost point Rinner in Figure 7. For the sample
dwarf galaxies from LITTLE THINGS, we use the slopes
derived assuming the model Υ⋆

3.6 disk. We also show the α-
Rinner relations of the NFW and pseudo-isothermal halo models
as solid and dotted lines, respectively, derived using their
analytical formulas as given in Equations (6) and (8).

As shown in Figure 7, most sample galaxies show significant
deviations from the predicted α-Rinner trend (solid line) of
ΛCDMNFW halos at around a Rinner of ∼0.2 kpc. Instead, they
are more consistent with those of pseudo-isothermal halo
models with different core-radii (dotted lines) as well as the
earlier results found from LSB galaxies (gray symbols) in de
Blok & Bosma (2002). However, the clear difference between

the two halo models (i.e., NFW and pseudo-isothermal) at high
resolutions (e.g., <Rinner 0.5 kpc) becomes ambiguous as the
innermost radius Rinner of a given DM density profile increases.
For example, a galaxy with a larger Rinner (i.e., low resolution)
tends to show a steeper inner slope of DM density profile. The
larger Rinner makes it lie in the region where the slopes of the
two halo models are approximately similar to each other. In
addition, as discussed in Section 4.2, the derivative

ρd d Rlog log of a DM density profile on a logarithmic scale
decreases toward the outer region of a galaxy. If the DM
density profile is affected by beam smearing, the break radius
of the profile which is determined when measuring the inner
slope tends to migrate into the outer regime where

ρd d Rlog log has a lower value. Therefore, the inner density
slope α within the break radius is most likely to be steeper than
the ones derived from well sampled profiles. This could be the
case of DDO 101 and DDO 210. In particular, DDO 101 is
most likely to be affected by the beam smearing effect as
shown in Figure 7.
Yet higher resolution velocity fields obtained with radio

interferometers or using other tracers such as integral field
mapping are required to study the effect of SN feedback on the
central cusps of the lowest mass dwarf galaxies. Such high–
resolution observations of low mass dwarf galaxies would
provide an ultimate test of the ΛCDM paradigm. Unlike
clusters of galaxies where the depth of the gravitational
potential well is deep enough to retain warm DM (WDM) as
well as CDM, there is no room for WDM in dwarf galaxies
inhabiting DM halos with much shallower potential wells.
Therefore, finding a signature of a central cusp in dwarf
galaxies will prove that there is at least some CDM in the
universe. This again highlights the cosmological importance of
low mass dwarf galaxies, not only for resolving the “cusp/core”
controversy in ΛCDM simulations but also as an indirect proof
for the existence of CDM in the universe.

7. CONCLUSION

In this paper we derive the rotation curves of 26 dwarf
galaxies culled from LITTLE THINGS, and examine their DM
distributions near the centers of the galaxies. From this, we
address the “cusp/core” problem which has been one of the
long-standing problems in ΛCDM simulations on galactic
scales. The high-resolution LITTLE THINGS H I data (∼6″
angular; ∼2.6 km s−1 spectral) complemented with optical and
Spitzer IRAC 3.6 μm images are sufficiently detailed to resolve
the central region of the sample galaxies where the cusp- and
core-like halo models are clearly distinguished.
In particular, we use the bulk velocity fields of the galaxies

extracted using the method described in Oh et al. (2008) to
correct for turbulent random non-circular gas motions. This
enables us to derive more reliable rotation curves and thus more
accurate DM distributions in the galaxies. We corrected for the
modest dynamical contribution by baryons in dwarf galaxies by
using Spitzer IRAC 3.6 μm images combined with model Υ⋆

3.6

values based on stellar population synthesis models. This
allowed us to derive robust mass models of the stellar
components of the galaxies and thus better constrain their
central DM distributions.
From this, we found that the decomposed DM rotation

curves of most sample galaxies are well matched in shape to
those of core-like halos which are characterized by a linear
increase of rotation velocity in the inner region. We also derive

Figure 7. Inner slope of the dark matter density profiles α vs. the radius Rin of
the innermost point within which α is measured as described in the small figure
(de Blok et al. 2001). The α-Rin of the sample galaxies from LITTLE
THINGS, THINGS and the two simulated dwarf galaxies (DG1 and DG2:
Governato et al. 2010) as well as the previous measurements (gray symbols) of
LSB galaxies (open circles: de Blok et al. 2001; triangles: de Blok &
Bosma 2002; open stars: Swaters et al. 2003). Filled circles with arrows
indicate the galaxies of which inner density slopes are measured assuming a
“minimum disk,” giving a steeper slope. The solid and dotted lines represent
the α-Rin trends of dark-matter-only ΛCDM NFW and pseudo-isothermal halo
models, respectively. See Section 6 for more details.
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Figure 3. Simulated position of a live perturber of mass Mpert = 4.2 × 105 M"
compared to a single-particle perturber of mass Mpert = 5.0 × 105 M" both
within halo D. The black crosses indicate the respective fpca and spca.
(A color version of this figure is available in the online journal.)

where σ is the velocity dispersion, ρ is the density, and Ψ is
the relative potential. Each globular cluster is constructed with a

W0 = Ψ(0)/σ 2 parameter of 6, a total mass of 4.2×105 M", and
a central velocity dispersion of 11 km s−1. We use 0.05 pc for
the gravitational softening lengths of its particles. This perturber
is put into halo D at an initial distance of 0.4 kpc. Its trajectory
can be seen in Figure 3. As one can clearly see that the behavior
of the live perturber matches the behavior of the single particle
in this figure as well as in Figure 2 very well.

2.2.1. Cusp Destruction, Core Creation, and Stalling

For all trajectories there is an apparent “kickback” which
occurs after a first point of closest approach (fpca). The perturber
seems to move away for a while, reaches a maximum, and then
returns to a second point of closest approach (spca), where it
finally stalls. For especially pronounced kickbacks, fpca and
spca are marked by black crosses in Figure 2. This apparent
“kickback” occurs at a point where the acceleration on the
perturber due to the background is equal to the acceleration
on the background due to the perturber, and the center of mass
of the system is significantly displaced. At this point the true
“center” of the system becomes poorly defined. For this reason,
the “kickback” feature is not physical but rather an artifact of
our centering algorithm. After the “kickback,” the background
rapidly rearranges itself to form a central constant density core,
at which point the perturber stalls.

The density profiles of the respective host halo at fpca and
spca are plotted in Figure 4. One can clearly see that the density
distribution changes significantly from cuspy to having a core:
larger perturber masses lead to larger constant density central
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Figure 4. Density profiles of the host halo at fpca (upper panel) and spca (lower panel) for the different nuclei masses Mpert. From left to right, the panels show the
halos B, D, and E. Comparing the upper and lower panels, note that the halo rapidly reaches a new equilibrium—the cored state—between fpca and spca. The orange
crosses mark the “stalling radii” where the perturber no longer sinks via dynamical friction. Note that these lie at the edge of the freshly created core.
(A color version of this figure is available in the online journal.)
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the “kickback” feature is not physical but rather an artifact of
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Cosmological solutions
Changing the nature of  the dark matter

Dwarf halo cores with SIDM 33

Figure 3. Density profiles of Pippin (left) and Merry (right) in collisionless CDM and in SIDM (see legend) at z = 0. All SIDM runs with σ/m ≥ 0.5 cm2 g−1

produce central density profiles with well-resolved cores within ∼500 pc. Core densities are the lowest (and core sizes the largest) for cross-sections in the
range σ/m = 5–10 cm2 g−1. The 50 cm2 g−1 run of Pippin has undergone a mild core collapse, with a resultant central density intermediate between the 10 run
and 1 cm2 g−1 run. For velocity dispersion profiles of these haloes, see Appendix A. NFW fits to the CDM profiles of each halo yield scale radii of ∼2.7 kpc.

3.2 Circular velocities and the TBTF

According to the ELVIS simulations of the Local Group (Garrison-
Kimmel et al. 2014a), there should be ∼10 isolated haloes with
Vmax ! 40 km s−1 in the local (∼1.2 Mpc) field around the MW
and M31, excluding satellites of either large system. Of the 14
isolated dwarfs in this volume, only 1 (Tucana) is clearly dense
enough to reside in a CDM halo larger than 40 km s−1. Tucana itself
is extremely dense, and as discussed in Garrison-Kimmel et al.
(2014b), it is difficult to understand, even in the context of CDM.
Tucana’s density suggests a CDM halo with Vmax > 70 km s−1,
similar in size to the halo expected to host the Small Magellanic
Cloud. If we force Tucana to reside within one of the typical Vmax $
40 km s−1 haloes we expect within ∼1 Mpc, then this leaves roughly
nine isolated, massive haloes unaccounted for. These missing, or
overdense, haloes are the systems of concern for the TBTF.

Fig. 4 illustrates this problem explicitly by comparing the circu-
lar velocities of nearby field dwarfs at their half-light radius (data
points) to the circular velocity profiles of our simulated haloes
(lines), each of which has Vmax $ 40 km s−1 and is therefore nom-
inally a TBTF halo. The data points indicate local dwarf galaxies
(M" < 1.7 × 107) farther than 300 kpc from both the MW and An-
dromeda that are DM dominated within their half-light radii (r1/2),
with estimates for their circular velocities at r1/2 (V1/2). We restrict
our observational sample to the local volume because this is where
galaxy counts are complete at halo masses around 1010M&. Note
that we do not consider galaxies with rotation curves derived from
gas physics (e.g. Oh et al. 2011) as these data are obtained from
such large volumes that they are incomplete at this mass scale. V1/2

for the purely dispersion galaxies are calculated using the Wolf et al.
(2010) formula, where measurements for stellar velocity dispersion,
σ ", are taken from Hoffman et al. (1996), Simon & Geha (2007),
Epinat et al. (2008), Fraternali et al. (2009), Collins et al. (2013) and
Kirby et al. (2014). However, Tucana, WLM and Pegasus also dis-
play evidence of rotational support, indicating that they are poorly
described by the Wolf et al. (2010) formalism. For the first two,

we use the Leaman et al. (2012) estimate of the mass within the
half-light radius, obtained via a detailed dynamical model. The data
point for Pegasus is obtained via the method suggested by Weiner
et al. (2006), wherein σ 2

" is replaced with σ 2
" + 1

2 (v sin i)2 in the
Wolf et al. (2010) formula, where vsin i is the projected rotation
velocity. (also see section 5.2 of Kirby et al. 2014). We plot Tucana
as an open point to highlight its extreme density, as discussed above.

As expected, the all of data points save Tucana lie below the
CDM curves (black lines), demonstrating explicitly that both Merry
and Pippin are TBTF haloes. The SIDM runs, however, provide
a much better match, and in fact all of the SIDM runs with
σ/m ≥ 0.5 cm2 g−1 alleviate TBTF.

3.3 Expectations for the stellar-mass halo-mass relation

A problem related to TBTF, but in principle distinct from it, concerns
the relationship between the observed core densities of galaxies and
their stellar masses. Specifically, there does not appear to be any
correlation between stellar mass and inner DM density inferred from
dynamical estimates of dwarf galaxies in the Local Group (Strigari
et al. 2008; Boylan-Kolchin et al. 2012; Garrison-Kimmel et al.
2014b). If DM haloes behave as expected in dissipationless #CDM
simulations, then we would expect more massive galaxies to have
higher DM densities at fixed radius. This ultimately stems from the
expectation, born out at higher halo masses, that more massive DM
haloes tend to host more massive galaxies.

Consider, for example, the two galaxies Pegasus (r1/2 $ 1 kpc)
and Leo A (r1/2 $ 500 pc) in Fig. 4. Both of these galaxies have about
the same stellar mass M" $ 107 M&. According to the expectations
of abundance matching (Garrison-Kimmel et al. 2014b), each of
these galaxies should reside within a Vmax $ 40 km s−1 halo. Instead,
their central densities are such that, if their DM structure follows the
CDM-inspired NFW form, they need to have drastically different
potential well depths: Vmax $ 30 and 12 km s−1 for Pegasus and
Leo A, respectively (see fig. 12 of Garrison-Kimmel et al. 2014b).
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mass limits of UFDs based on their star formation his-
tories. We summarize our results in §6 and present the
caveats.

2. HALO PROFILES IN WAVE DM COSMOLOGY

Cosmological simulations of light-dark matter (Schive
et al. 2014b) find that the density profile of the innermost
central region of the halos at redshift z = 0 follows

⇢s(r) =
1.9 (10 m22)�2r�4

c

[1 + 9.1 ⇥ 10�2(r/rc)2]8
109M�kpc�3 , (1)

where m22 ⌘ m/10�22eV is the DM particle mass and rc is
the radius at which the density drops to one-half its peak
value for a halo at z = 0. This relationship is accurate to
2% in the range 0 < r < 3rc.
The enclosed mass at a given radius r is:

M(< r) =
π r

0
4⇡⇢s(r 0)r 02dr 0 . (2)

Mc ⌘ M(< rc) gives approximately the central core mass.
This definition of core mass, makes up about 25% of the
total soliton mass, and M(< 3 rc) makes up about 95%
of the total soliton mass. Core mass or radius and the
total mass of the halo, Mh, hosting the galaxy are related
(Schive et al. 2014b):

Mc ⇡ 1
4 M1/3

h (4.4 ⇥ 107m�3/2
22 )2/3 , (3)

rc ⇡ 1.6m�1
22

⇣ Mh

109M�

⌘�1/3
kpc . (4)

Beyond the core radius, the halo profiles resemble
Navarro-Frenk-White (NFW, Navarro et al. 1997) pro-
files (Schive et al. 2014a). We model each halo to have a
central solitonic core profile which smoothly transitions
to an NFW profile (Mocz et al. 2018) around r = 3 rc.
We show the modeled profiles in Figure 1. Thin solid
lines show the solitonic core profiles for di↵erent axion
masses. The thin black line shows the NFW profile of
a 1010 M� halo at z = 0. The thick dashed lines show
the full halo profile that is a combination of the solitonic
profile transitioning to an NFW profile of mass 1010 M�
around r = 3rc.

3. COMPARISON TO OBSERVATIONAL DATA

For a pressure supported system, one can use the
Collisionless Boltzmann Equation (CBE) to related the
six-dimensional (6D) phase-space distribution function,
f (Ær, Æv), of a tracer particle, to the underlying gravita-
tional potential (Binney & Tremaine 2008). For nearby
dwarfs we only have access to two spatial dimensions
and one velocity dimension along the line of sight. dSph
kinematic studies therefore rely on Jeans equations by
integrating the CBE over velocity space:

1
⌫

d
dr

(⌫v̄2
r ) +

2
r
(v̄2

r � v̄2
✓ ) = �GM(r)

r2 , (5)

Figure 1. shows the modeled halo profiles of a 1010 M�
halo at z = 0 for di↵erent values of m22. Solid lines show
the solitonic cores choice of m22 (thin solid lines) and
the thick dashed lines show the full halo profile that is
a combination of the solitonic profile transitioning to an
NFW profile of mass 1010 M� at around r = 3rc.

where ⌫(r) is the stellar density profile, and v̄2
r and v̄2

✓ are
components of the velocity dispersion in radial and tan-
gential directions, respectively. The velocity anisotropy
quantified by the ratio �ani(r) ⌘ 1 � v̄2

✓ (r)/v̄2
r (r) is un-

constrained by data. Di↵erent anisotropic profiles can
fit the projected velocity dispersion profile observed for
the Fornax dSph, however, despite the presence of the
degeneracy between mass and anisotropy, the predicted
enclosed mass within about the dSph half-light radius is
the same among the di↵erent Jeans models (Walker &
Penarrubia 2011).
We take the enclosed mass within half-mass radius of

most of the UFDs and dSph systems from Wolf et al.
(2010), where the two are related to the observed line of
sight velocity dispersion by,

M1/2 ⇡
3 < �2

los > r1/2

G
. (6)

The brackets indicate a luminosity-weighted average and
r1/2 is the 3D deprojected half-light radius. The data
points for Draco II and Triangulum II are from Martin
et al. (2016a) and Martin et al. (2016b), respectively.
The measured slopes come from recent observations

that some dSphs have more than one stellar popula-
tion. Each population independently trace the underly-
ing gravitational potential. Battaglia et al. (2006, 2011)
report the detection of a two component stellar system
for both dSphs such that a relatively metal-rich subcom-
ponent is more centrally concentrated with small veloc-

(Elbert et al. (2015))(Safarzadeh et al. (2020))
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Satellite galaxy in M31
Observations

Substructure and Tidal Streams in the Andromeda Galaxy and its Satellites 9

Fig. 2: The PAndAS map of metal-rich RGB stars in the inner halo of M31, upon
which a typical textbook image of M31 is superposed. The map is constructed from
stars with i0 ≤ 23.5, having −1 ≤ [Fe/H] ≤ 0. The large white ellipse has a semi-
major axis of 27 kpc and delineates the full extent of the bright disk; the dashed
blue circle has a radius of 50 kpc. Prominent inner halo substructure is outlined and
labelled, as are the dwarf satellites M32 and NGC 205.

5.1 The Giant Stellar Stream

Over the last decade, the GSS has been the subject of intense study. On the observa-
tional side, efforts have concentrated on deriving quantities (e.g. distance, velocity)
that can be used to model the orbit of the progenitor and on stellar populations con-
straints that can be used to establish its nature. On the theoretical side, work has
focused on reconstructing the orbital history of the progenitor and using this knowl-
edge to measure the halo mass of M31.
Line-of-sight distances to the stream are one of the key inputs for GSS orbit

models. McConnachie et al. (2003) used measurements of the TRGB in a series of
CFHT12K pointings to show that the GSS lies∼> 100 kpc behindM31 at a projected
radial distance of 60 kpc and moves progressively closer to galaxy at smaller radii,
with their distances being indistinguishable (within the uncertainties) at ≤ 10 kpc.

Tidal features

(Ferguson & Mackey (2016))

Phase structures of M31 

are results of the accretion 

of a satellite galaxy
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Satellite galaxy in M31
Observations

Off-centre black hole
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dicts and we observe that the dispersion gradient is shallo-
wer on the P2 side than on the P1 side. Therefore, PSF
convolution moves the apparent dispersion peak away from
the true peak in the anti-P1 direction. This e†ect is more
general than TremaineÏs model ; it follows from any such
p asymmetry, no matter what the cause. The peak in the
bulge ] disk dispersion proÐle is located from0A.18È0A.23
the velocity center in the anti-P1 direction (° 6 ; Fig. 8).
Therefore it is away from the UV cluster in the0A.13È0A.18
anti-P1 direction. Tremaine predicts that the apparent dis-
persion peak is away from the BH in the anti-P10A.1È0A.2
direction (see his Fig. 3). This implies that the BH is close to
the UV cluster. Furthermore, after bulge subtraction, the
dispersion proÐle is more symmetrical, so the apparent dis-
persion peak is moved less by PSF convolution. Figure 8
shows that the three highest p points are the ones closest to
the UV cluster. It is remarkable that the p proÐle is so
peaked (the highest p data points span but the PSF0A.17,

has a FWHM of Finally, the UV cluster identiÐes a0A.64).
special place in P2, and there are reasons to expect UV-
bright stars near a BH. All of these arguments point to the
UV cluster as the location of the BH. Nevertheless, we
would not make this suggestion if we did not have a further
dynamical argument to support it. We turn to this argu-
ment next ; it is illustrated in Figures 11 and 12.

We assume that the central part of M31 is in dynamical
equilibrium. That is, we assume that the center of mass of
the combined nucleus and BH is at the center of the bulge.
We measure the position of the center of the bulge using H-
and K@-band images from Wainscoat & Kormendy (1998).
We have already found the position of the rotation center.
The center of mass of the nucleus and BH can be found if we
add L /M ] 3.3 ] 107 to the WFPC2 image at the posi-M

_tion of the BH and calculate the Ðrst moment of the
resulting light distribution. If we have correctly located the
BH, then these three positions should agree.

FIG. 11.ÈHST WFPC2 V -band image of M31. The SIS slit is nearly horizontal. The surface brightness contributed by the UV cluster has been clipped
out ; these stars are assumed to have small mass-to-light ratios. The white dot indicates the BH: the intensity added is 3.3 ] 107 divided by the mass-to-M

_light ratio of the stars, (Kormendy 1988b), converted to an apparent magnitude and thence to analog-to-digital converter units (ADU). The areaM/L
V

^ 5.7
shown is 186 pixels square. The center of mass of the combined BH and nucleus is found by calculating the luminosity centroid of this image.\4A.24

MBH ~ 1.5×108 M⊙ 

BH

P2 P1

(Kormendy & Bender (1999))
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+ +

The M31 black hole is offset 

by 0.26 pc from P2
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NASA, ESA and Z. Levay (STScI/AURA)

Binary system before BH merger

Recoil of merging BHs

Galaxy mergers

Mechanisms for off-centre black holes

14

A single minor merger scenario

Substructure and Tidal Streams in the Andromeda Galaxy and its Satellites 9

Fig. 2: The PAndAS map of metal-rich RGB stars in the inner halo of M31, upon
which a typical textbook image of M31 is superposed. The map is constructed from
stars with i0 ≤ 23.5, having −1 ≤ [Fe/H] ≤ 0. The large white ellipse has a semi-
major axis of 27 kpc and delineates the full extent of the bright disk; the dashed
blue circle has a radius of 50 kpc. Prominent inner halo substructure is outlined and
labelled, as are the dwarf satellites M32 and NGC 205.

5.1 The Giant Stellar Stream

Over the last decade, the GSS has been the subject of intense study. On the observa-
tional side, efforts have concentrated on deriving quantities (e.g. distance, velocity)
that can be used to model the orbit of the progenitor and on stellar populations con-
straints that can be used to establish its nature. On the theoretical side, work has
focused on reconstructing the orbital history of the progenitor and using this knowl-
edge to measure the halo mass of M31.
Line-of-sight distances to the stream are one of the key inputs for GSS orbit

models. McConnachie et al. (2003) used measurements of the TRGB in a series of
CFHT12K pointings to show that the GSS lies∼> 100 kpc behindM31 at a projected
radial distance of 60 kpc and moves progressively closer to galaxy at smaller radii,
with their distances being indistinguishable (within the uncertainties) at ≤ 10 kpc.

As the origin of: 

Giant south stream

Stellar shells

(Ferguson & Mackey (2016))

Off-centre black holes: a consequence of dark matter heating
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Andromeda galaxy M31

Infalling satellite

A dark matter core in M31 3

The host galaxy

Component Profile 0 A200 Mass (G0,H0,I0) (EG0,EH0,EI0)
[kpc] [kpc] [1010

"�] [kpc] [km.B�1]
M31 DM halo NFW 7.63 195 88 0 0

Bulge Hernquist 0.61 - 3.24 0 0
Disk Exponential 'd = 5.4 - 3.66 0 0

disk Id = 0.6 - - - -

The infalling
satellite

Scenario
Sadoun, et al. (2014)
(("DM/"⇤)sat = 20) DM halo Hernquist 12.5 20 4.18 (-84.41,152.47,-97.08) 0

Stars Plummer 1.03 - 0.22 (-84.41,152.47,-97.08) 0
Fardal, et al. (2007)
(("DM/"⇤)sat = 0) Stars Plummer 1.03 - 0.22 (-34.75,19.37,-13.99) (67.34,-26.12,13.5)

Table 1. Simulation parameters: From left to right, the columns give for each component: the initial density profile; the scale length; the virial radius; the
mass; the initial positions in a reference frame centered on M31 with the x-axis pointing east, the y-axis pointing north and the z-axis corresponding to the
line-of-sight direction; the velocities in this reference frame. We set the particle resolution of all the live objects to 4.4⇥104 M� and the gravitational softening
length to 10 pc for all components.

Figure 3. Comparison with kinematic data of the observed GSS: Simulated
radial velocity of satellite particles as a function of the distance along the
stream at 2.1 Gyr. We represent the radial velocity measurements in five
fields by red points with error-bars (Ibata, et al. 2004; Fardal, et al. 2006).
A good agreement with observations for the radial velocity measurement is
shown.

M31 for approximately 5�, corresponding to a projected radius of
about 68 kpc on the sky. The stream luminosity is 3.4 ⇥ 107 L�
corresponding to a stellar mass of 2.4⇥ 108 M� for a mass-to-light
ratio of 7 (Ibata, et al. 2001; Fardal, et al. 2006). In the follow-
up observations of the GSS, two other structures corresponding to
stellar overdensities, which are now believed to be two shells, have
been discovered (Ferguson, et al. 2002; Fardal, et al. 2007; Tanaka,
et al. 2010; Fardal, et al. 2012). The colour–magnitude diagram of
the north-eastern shelf is similar to that of the GSS (Ferguson, et
al. 2005; Richardson, et al. 2008). This similarity has been a strong
argument in favour of models which predict that both the GSS and
the NE are the results of a single merger event between M31 and a
satellite galaxy (Ibata, et al. 2004; Font, et al. 2006; Fardal, et al.
2007).

An empirical minor merger scenario has been studied exten-

sively in which a satellite galaxy falls on to M31 from a distance of
a few tens of kpc, on a highly radial orbit (of pericentre of a few
kpc) less than one billion years ago. The satellite is tidally disrupted
at the pericentre passage and forms the observed M31 stream and
the two shell-like features (Fardal, et al. 2006, 2007). Although this
empirical model provide good fits to the observations it su�ers from
simplifications. First, M31 is not modelled as a live galaxy but is
only represented by a static potential, and consequently the e�ects
of dynamical friction are not properly taken into account. Secondly,
there is no DM in the progenitor satellite whereas a good fraction of
satellite galaxies in the Local Group seems to be DM-rich. Finally,
the origin of the infalling satellite and its trajectory in the past has
been overlooked. It is highly implausible that a satellite on a highly
radial orbit could have survived to arrive within easy reach of M31.

We have proposed an alternative cosmologically-plausible sce-
nario for the origin of the giant stream and also the warped structure
of the M31 disc itself (Sadoun, et al. 2014). In our model, a dark-
matter-rich satellite is accreted and falls from its first turnaround
radius on an eccentric orbit onto M31. The best agreement with the
observational data is obtained when the satellite lies on the same
plane that contains many of the present dwarfs of M31 (Conn, et
al. 2013; Ibata, et al. 2013). Unlike the previous model, the disc of
M31 is perturbed by the infall of the massive satellite in our model
and becomes warped. A major merger scenario, dating back to a
few Gyr, from which M31, its giant stream, and many of its dwarf
galaxies emerged, has also been proposed (Hammer, et al. 2010,
2013, 2018; D’Souza & Bell 2018).

In this paper, we use this cosmologically-motivated scenario
to set up our simulations. To show that our results are universal and
hold for a wide range of initial conditions, we also run simulations
for the model proposed by Fardal, et al. (2007) in which the satellite
is DM poor and starts its infall from a much closer distance to the
centre of M31.

Here we gain in mass resolution by a factor of 100 by using a
fully GPU-scaled code which allows us to study the impact of the
infalling satellite not just on the outer parts of M31 but also on the
DM distribution at its centre. The rich observational data on the
giant stream and shells of M31 provide rather demanding tests of

MNRAS 000, 1–8 (2020)

NASA, ESA and Z. Levay (STScI/AURA)

The dark matter rich satellite starts at its first turnaround radius at 200 kpc 

with a null velocity

(Geehan et al. (2006))

2 P. Boldrini

Component Profile a r200 Mass
[kpc] [kpc] [1010M�]

M31 halo NFW 7.63 195 88
M31 bulge Hernquist 0.61 - 3.24
M31 disk Exponential Rd = 5.4 - 3.66

disk zd = 0.6 - -
M31 black hole Point mass - - 0.015
Satellite halo Hernquist 12.5 20 4.18
Satellite stars Plummer 1.03 - 0.22

Table 1. Simulation parameters: From left to right, the columns provide
for each component: the density profile, the scale length, the virial radius,
the mass. We set the initial positions in a reference frame centered on
M31 with the x-axis pointing east, the y-axis pointing north and the z-
axis corresponding to the line-of-sight direction. We consider an infalling
scenario of a dark matter rich satellite (Sadoun, et al. 2014) where the
satellite starts at its first turnaround radius at (x0,y0,z0)=(-84.41,152.47,-
97.08) with a null velocity. We set the particle resolution of all the live
objects to 4.4 ⇥ 104 M� and the gravitational softening length to 2 pc. We
also add a massive BH as a point mass in the center of M31 with a mass of
1.5 ⇥ 108 M� (Gültekin, et al. 2009).

2 HIGH-RESOLUTION FULLY GPU N-BODY
SIMULATION

The initial conditions for the M31 satellite are taken from Sadoun,
et al. (2014) (see details in Table 1). The dark matter rich satellite
starts at its first turnaround radius at (x0,y0,z0)=(-84.41,152.47,-
97.08) with a null velocity in a reference frame centered on M31
with the x-axis pointing east, the y-axis pointing north and the z-
axis corresponding to the line-of-sight direction. We add a massive
BH with a mass of 1.5 ⇥ 108 M� as a point mass in the center
of M31 (Gültekin, et al. 2009). To generate our live objects, we
use the initial condition code ���� (Miki and Umemura 2017).
Adopting a distribution-function-based method, it ensures that the
final realization of the galaxy is in dynamical equilibrium (Miki
and Umemura 2017). We perform our simulations with the high
performance collisionless N-body code ������ (Miki and Umemura
2017). This gravitational octree code runs entirely on GPU and is
accelerated by the use of hierarchical time steps in which a group
of particles has the same time step (Miki and Umemura 2017).
We evolve the M31 galaxy-satellite system over 2.5 Gyr in each
scenario. We set the particle resolution of all the live objects to
4.4 ⇥ 104 M� and the gravitational softening length to 2 pc.

3 RESULTS

3.1 Comparison with M31 observations

First, we assess our model by making a detailed comparison with
M31 observations in this scenario invoking the infall of a dark
matter rich satellite (see Table. 1). Fig. 1 depicts the simulated stellar
density maps in standard sky coordinates corresponding to particles
of satellite stars at 2.1 Gyr. We represent the observed stream fields
as solid rectangles with proper scaling. We note that the simulated
stream is in good agreement with the observations regarding the
morphology and spatial extent of the GSS. We find MGSS = 2.15⇥
108 M� in good agreement with the value of 2.4⇥108 M� derived
from observations with a mass-to-light ratio of 7 (Ibata, et al. 2001;
Fardal, et al. 2006). Furthermore, we test the infalling model of
Sadoun, et al. (2014) against kinematic data. Fig. 2 shows simulated
radial velocities of satellite particles as a function of the distance
along the stream. We obtain a good agreement with observations

Figure 1. Giant south stream of M31: Simulated stellar density maps in
standard sky coordinates corresponding to particles of satellite stars at 2.1
Gyr. We represent the observed stream fields by black boxes (McConnachie,
et al. 2003). We find MGSS = 2.15 ⇥ 108M� in good agreement with the
value of 2.4 ⇥ 108M� derived from observations with a mass-to-light ratio
of 7 (Ibata, et al. 2001; Fardal, et al. 2006)

Figure 2. Comparison with kinematic data of the observed GSS: Simulated
radial velocity of satellite particles as a function of the distance along the
stream at 2.1 Gyr. We represent the radial velocity measurements in five
fields by red points with error-bars (Ibata, et al. 2004; Fardal, et al. 2006).
A good agreement with observations for the radial velocity measurement is
shown.

for the radial velocity measurement in the five fields (Ibata, et al.
2004; Fardal, et al. 2006).

3.2 O�-centre MBH in M31

We consider the accretion of a dark matter rich satellite by M31,
which hosts a central MBH (see details in Table 1). Dynamical fric-
tion induced by the dark matter (DM) field of M31 is responsible
for the infall of the satellite. As a result, the central region of the
galaxy experiences multiple satellite crossings. The latter heat the
central region and more particularly the MBH via dynamical fric-
tion. After the first pericentric passage, the dark matter rich satellite
adds energy to the BH, causing it to leave the galaxy centre. Fig. 3
illustrates the orbital radius of a 1.5⇥108 M� MBH, initially at the
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Satellite galaxy in M31
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A minor merger scenario with M31 galaxy

Rvir/2

Dark matter  
particles Stars 

MSat
DM/MM31

DM ∼ 10−2

(Sadoun et al. (2014))

Satellite galaxy in M31

(Boldrini 2020, MNRAS Letters, L137B)

Off-centre black holes: a consequence of dark matter heating
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Constraints from observations

2.4×108 M⊙ 

At 2.1 Gyr

Satellite galaxy in M31

(Boldrini 2020, MNRAS Letters, L137B)

Off-centre black holes: a consequence of dark matter heating
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A Minor merger scenario with M31 galaxy

Rvir/2

Dark matter  
particles Stars 

What happened to the M31 central black hole 
after this recent merger? 

(Boldrini et al. (2020))

MSat
DM/MM31

DM ∼ 10−2

(Sadoun et al. (2014))

Satellite galaxy in M31
Off-centre black holes: a consequence of dark matter heating
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The offset of the M31 black hole

(Boldrini (2020))

Satellite galaxy in M31

Rvir/2

Merger scenario

It results in a kick of the black hole to hundreds of parsecs 

from the galaxy centre

(Boldrini 2020, MNRAS Letters, L137B)

Off-centre black holes: a consequence of dark matter heating
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The infall of the accreting satellite in 
M31 naturally explains 


a black hole offset by sub-parsecs

Orbit integrations with Galpy (Bovy (2015))

ObservationPrediction

Satellite galaxy in M31

Offset by 0.39 pc 0.26 pc

At 2.1 Gyr

(Boldrini 2020, MNRAS Letters, L137B)

Off-centre black holes: a consequence of dark matter heating
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Results
Effects of  infalling objects on the central black hole

Satellite galaxy🍎
• The infall of M31 satellite can offset the central massive black hole                                       

(Boldrini 2020, MNRAS Letters, L137B)

Off-centre black holes: a consequence of dark matter heating
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Dark matter subhalos
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First halo 2 mergers 49 mergers13 mergers

Accretion of dark matter substructures

Dark matter halos are growing 
with time by accretion of smaller 

halos, called subhalos. 
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Off-centre black holes in dwarf galaxies

Figure 1. from Varstrometry for Off-nucleus and Dual Sub-Kpc AGN (VODKA): How Well Centered Are Low-z AGN?
null 2019 APJL 885 L4 doi:10.3847/2041-8213/ab4b54
http://dx.doi.org/10.3847/2041-8213/ab4b54
© 2019. The American Astronomical Society. All rights reserved.

Optical centre

Radio source

Galaxy

Offset

Observations in dwarfs

(Shen et al. (2019))

O
ff

se
t

(Reines et al. (2019))

Figure 7. from A New Sample of (Wandering) Massive Black Holes in Dwarf Galaxies from High-resolution Radio Observations
null 2020 APJ 888 36 doi:10.3847/1538-4357/ab4999
http://dx.doi.org/10.3847/1538-4357/ab4999
© 2020. The American Astronomical Society. All rights reserved.Off-centre black holes: a consequence of dark matter heating
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Off-centre black holes in dwarf galaxies

Can dark matter subhalos 

be also responsible for BH offset?

Dark matter  
particles

Dark matter subhalos in dwarf galaxies

Scale radius

Off-centre black holes: a consequence of dark matter heating
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Off-centre black holes in dwarf galaxies

10 < Mhost/Msub < 100

Subhalo accretions in dwarf  galaxies

The number of subhalo accretion 

in dwarf galaxies 

can be determined by 

the extended Press-Schecter formalism 

(Neistein & Dekel (2008))

Off-centre black holes: a consequence of dark matter heating
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Off-centre black holes in dwarf galaxies
Dwarf  galaxies

NFW form with rs (z)(Prada et al. (2012)) ~109-10 M⊙ 

Plummer profile

~107-8 M⊙ Subhalos

Central massive black hole

Point mass ~105-6 M⊙ 

NFW form with rs (z)

Initial average eccentricity (e=0.86-0.88) (Wetzel (2011))

Virial radius as initial orbital radius

Off-centre black holes: a consequence of dark matter heating
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Off-centre black holes in dwarf galaxies

This dynamical heating kicks any 
central MBH out to tens of parsecs, 
especially at early epochs z=1.5 - 3

Sinking toward the central region due to dynamical friction

Transferring energy via dynamical friction into the dwarf centre

Heating mechanism

Early epochs

New mechanism to explain  
the observed off-centre BHs  

in dwarfs galaxies

(Boldrini et al. , 2020, MNRAS Letters, 495, L12)

Off-centre black holes: a consequence of dark matter heating
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Off-centre black holes in dwarf galaxies

This dynamical heating kicks any 
central MBH out to tens of parsecs, 
especially at early epochs z=1.5 - 3

Sinking of DM subhalos because dynamical friction

Transferring energy via dynamical friction 

into the dwarf centre

Heating mechanism

Early epochs

New mechanism to explain  
the observed off-centre BHs  

in dwarfs galaxies

(Boldrini et al. , 2020, MNRAS Letters, 495, L12)
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Off-centre black holes in dwarf galaxies

This dynamical heating kicks any 
central MBH out to tens of parsecs, 
especially at early epochs z=1.5 - 3

Sinking of DM subhalos because dynamical friction

Transferring energy via dynamical friction 

into the dwarf centre

Heating mechanism

Early epochs

New mechanism to explain  
the observed off-centre BHs  

in dwarfs galaxies

(Boldrini et al. , 2020, MNRAS Letters, 495, L12)
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Off-centre black holes in dwarf galaxies
Cusp-core problem

Black hole feedback

Peak of BH activity between z~3 and 1.6

One consequence of off-center BHs 
during early epochs of dwarf galaxies is 

to quench any BH feedback 

Flattening of the DM density profile

Off-centre BH in dwarfs

BHs accrete gas inefficiently away 
from the galaxy centre as gas clumps 
are centrally located
(Smith et al. (2018))

(Boldrini et al. (2020c))

Early epochs

(Boldrini et al. , 2020, MNRAS Letters, 495, L12)

Off-centre black holes: a consequence of dark matter heating
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Results
Effects of  infalling objects on the central black hole

Satellite galaxy🍎
• The infall of M31 satellite can offset the central massive black hole                                       

(Boldrini 2020, MNRAS Letters, L137B)

Dark matter subhalos🍎
• The infall of dark matter subhalos leads to off-centre black holes                                                

(Boldrini et al. , 2020, MNRAS Letters, 495, L12)

• One consequence of off-center BHs during early epochs of dwarf galaxies is to quench any BH feedback                                                     
(Boldrini et al. , 2020, MNRAS Letters, 495, L12)

Off-centre black holes: a consequence of dark matter heating



Prospects

Add baryonic physics in order to check the quenching of BH feedback🍿

Black hole feedback

Alternative dark matter theories such as Self-interacting and Fuzzy DM

Look at cosmological hydrodynamical simulation🍿 (Bartlett et al. 2020)

🍿

🍿 Affect the fraction of off-centre BHs

Affect the growth and merger history of SMBHs

(Di Cintio et al. 2017)

(Cruz et al. 2020)

Off-centre black holes: a consequence of dark matter heating
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Black hole feedback
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