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Introduction

• Indirect searches for dark matter (DM) using astrophysical 
observations: very promising + multiple probes

• Cores of galaxies extremely interesting: larger DM abundance 
expected

• Inner DM density profile critical for indirect searches but poorly 
constrained

• Significant clustering of DM around supermassive black holes 
(SMBHs) in galactic cores?

• Probing profile via electromagnetic signatures of DM annihilations 
+ dynamics
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Dark matter spikes at the 
centers of galaxies?

• DM density profile very uncertain below parsec scales

• Can be significantly affected by supermassive black holes (SMBH)

• Adiabatic (slow) growth of SMBH at the center of DM halo  

       spike: strong enhancement of the DM density in the inner region 
(Gondolo & Silk 1999)

•        strong annihilation signals

• No direct evidence in favor or against adiabatic spikes yet
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Dark matter spikes affected by 
competing dynamical processes

Disruptive dynamical effects
• Instantaneous BH growth (Ullio+ 2001)
• Off-centered BH formation (Nakano & Makino 1999; Ullio+ 2001)
• Halo mergers (Merritt+ 2002)
• Stellar dynamical heating (Gnedin & Primack 2004; Merritt 2004)
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Processes with positive effect

• Triaxiality of DM halo       enhanced DM accretion (Merritt & Poon 
2004)

• Core-collapse from DM self-interactions (Ostriker 2000)
• Regeneration by accretion?
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Stronger case for spikes 
in M87 and Cen A

Negligible stellar heating in 
dynamically young galaxies

M87 (                                         ,   
Gebhardt & Thomas 2009)                   
and  Cen A (                                         , 
Neumayer 2010) dynamically young

      stellar heating negligible

      spike more likely to have  
survived

Credit: NASA and 
The Hubble 
Heritage Team 
(STScI/AURA) 

Credit: ESO/WFI 
(Optical); MPIfR/
ESO/APEX/Weiss et 
al. (Submillimeter); 
NASA/CXC/CfA/
Kraft et al. (X-ray)] 
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Multi-wavelength constraints on dark 
matter with a spike in M87

DM spike       strong upper limits       exclude DM candidates with thermal 
velocity-independent annihilation cross section over entire WIMP range

) )
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Probing dark matter at the center of 
M87 with the Event Horizon Telescope
• Idea: exploit the morphology of the DM-induced synchrotron 

signal in the vicinity of the central SMBH
• Previously lack of angular resolution of existing facilities
• Very long baseline interferometry       Earth-sized telescope
           micro-arcsecond-scale angular resolution

Fish+ 2013

)
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FIG. 2.— Left and middle: The potential 1.3 mm VLBI network as viewed from the declination of Sgr A*. Right: The corresponding (u,v) coverage, with
fringe spacings marked in units of rSch. Baselines to ALMA are marked in red in all panels.

allow full-polarization VLBI data sets (all four Stokes
parameters). This capability will lead to new areas of
research that target magnetic field structure near the
event horizon.

Baseline Coverage: Addition of new 1.3 mm and 0.8 mm
VLBI sites over the next three years will increase imag-
ing fidelity, sensitivity, and temporal coverage of both
Sgr A* and M87. The scheduled addition of ALMA
(2015), and inclusion of the South Pole Telescope (now
a fully-funded project) and the proposed Greenland
Telescope will provide important new high resolution
baselines that enable imaging and sensitive tests for
time variable rSch-scale structures (Figure 2).

These new capabilities have the potential to fundamentally
transform our understanding of black holes on event horizon
scales. Due to their mass and proximity, the two prime targets
for such high-resolution studies are the black holes in the cen-
ters of the Milky Way (Sagittarius A*) and Virgo A (M87). At
a distance hundreds of times smaller than that to the next near-
est supermassive black hole (SMBH), Sgr A* can be studied
in unparalleled detail and therefore plays an important role
in astrophysics. On scales much larger than those probed by
VLBI, the world’s most powerful optical/IR telescopes have
been trained on Sgr A* for years to directly observe the orbits
of stars around the black hole and thereby measure its mass
and distance (Ghez et al. 2008; Gillessen et al. 2009a). From
these and other observations, the case for linking Sgr A* with
a ⇠ 4⇥106 M� SMBH is extremely strong (Reid 2009a and
references therein). Among the most compelling pieces of
evidence is the new intrinsic size of Sgr A* measured using
1.3 mm VLBI, which implies a central mass density in excess
of 9.3⇥1022M� pc-3, ruling out all but the most exotic black
hole alternatives (Maoz 1998). At a distance of 8 kpc, the
Schwarzschild radius of this black hole subtends rSch ⇡ 10 µas
(corresponding to an apparent horizon diameter of ⇠ 50 µas),
making the apparent size of its event horizon the largest that
we know of. VLBI at 1.3 mm wavelength can “see through”
the interstellar medium that scatter broadens this source with
a �2 dependence. Unlike Sgr A*, the giant elliptical galaxy
M87 exhibits a relativistic jet from sub-parsec to kiloparsec
scales and is possibly the best candidate for the study of jet
formation and collimation on small scales with VLBI (Ko-
valev et al. 2007; Ly et al. 2007; Hada et al. 2011, 2013).
At a distance of 16.7 Mpc, the ⇠ 6.4⇥109 M� central black
hole (Gebhardt et al. 2011) has rSch ⇡ 7.5 µas, only slightly
smaller than that of Sgr A*.

3.1. Constraining the Spin and Viewing Angle of Sgr A*

Sgr A* is highly underluminous, with a bolometric lumi-
nosity of around 10-8 times the Eddington limit. The emis-
sion from Sgr A* is conventionally modelled as arising from
a radiatively inefficient accretion flow (RIAF) in which the
electron and ion temperatures are decoupled from one another
(Narayan et al. 1995). The cool electrons are incapable of ra-
diating much heat, while the hotter ions disappear through the
event horizon or drive outflows (Yuan et al. 2003). Contri-
butions from a jet component are also possible (Falcke et al.
1993).

Some physical constraints on RIAF models arise from fit-
ting the multiwavelength properties of Sgr A*, including
the spectral energy density and the implied accretion rate
from Faraday rotation and depolarization at millimeter wave-
lengths. However, spatially-resolved observations are neces-
sary for unambiguously determining properties such as the
spin of the black hole and the viewing geometry—indeed, for
validating the RIAF model in general. VLBI data at 1.3 mm
(Doeleman et al. 2008; Fish et al. 2011), which provide this
much-needed resolution, have successfully been used to con-
strain these parameters, establishing that the spin vector of
the black hole has a large inclination to the line of sight and
identifying a clearly preferred orientation in the plane of the
sky (Broderick et al. 2009, 2011a). More sophisticated gen-
eral relativistic magnetohydrodynamic models of the emis-
sion (Mościbrodzka et al. 2009; Dexter et al. 2010) and even
jet models (Markoff et al. 2007) reach consistent constraints,
suggesting that the observed emission morphology is domi-
nated by the geometry of the flow and the general relativistic
beaming and lensing effects near the black hole rather than by
turbulent microphysics in the accretion flow.

While the present three-station VLBI array has been very
successful in determining the structure of Sgr A*, some pa-
rameter degeneracies persist, largely because the marginal
signal-to-noise ratio (S/N) of the VLBI data prevents use of
VLBI phase information. The highly sensitive, very long
baselines to phased ALMA will enable precise measurement
of the closure phase, the sum of interferometric phase around
a closed triangle of baselines. Inclusion of closure phase deci-
sively removes symmetry-flip degeneracies that persist when
using only VLBI amplitudes (Broderick et al. 2011b). Simu-
lations (Figure 3) show that measurement of closure phase on
triangles including ALMA will produce exceptionally tight
constraints on the spin vector of the Sgr A* black hole within
the context of RIAF models.

3.2. Time-Domain Studies
One of the most promising areas where VLBI can make

new contributions to the study of black hole physics is in



Black hole shadow and 
dark matter annihilation

• EHT can probe the vicinity of 
the BH at the center of M87

• Observe shadow of the SMBH 
in the DM annihilation-
induced synchrotron signal at 
230 GHz

• Ray-tracing scheme to model 
radiative transfer in the 
vicinity of the BH (Broderick 
2006; Broderick & Loeb 2006)

Lacroix+ 2017
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Current EHT data

• Interferometric observables: complex visibilities (amplitude + phase)
• Photon ring around BH shadow enhanced by DM spike
• Adequate fit to current EHT data with spike of annihilating DM
• Very stringent constraints on annihilation cross-section:                        

a few                           at 10 GeV
• Degeneracy with astrophysical components

Lacroix+ 2017
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Origin of the spectral break in the 
gamma-ray emission from Cen A’s core?

• Cen A closest known 
gamma-ray emitting radio 
galaxy

• Spectral hardening above 
~ 2.6 GeV at 5     (Brown+ 
2017)

• No variability above the 
break

• Prompt emission from 
spike of TeV DM?

10
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Dark matter mini-spikes around intermediate 
mass black holes at the Galactic center? 

• Relic population of IMBHs (primordial or Pop III) at the GC from merging dwarfs?
• Favored by observation of IMBHs in dwarfs (Baldassare+ 2017) and massive globular 

clusters (e.g., Kiziltan+ 2017)
• Mini-spikes of annihilating DM around IMBHs can account for GC ‘’excess’’: spectrum 

+ spatial morphology (Lacroix & Silk 2017)
11

36

10�1 100 101 102 103

E (GeV)

10�8

10�7

10�6

E
2
d
N d
E

� G
eV

cm
2
s�

R < 10�

GC excess, all cases
Ajello et al (2016) (fit intensity)
Ajello et al (2016) (fit index)
Sample

Gordon & Macias (2013)
Calore et al (2015)

Figure 15. Spectrum of the GC excess. Points are derived using the Sample Model described in Section 2.2.

The systematic uncertainty band is derived from taking the envelope of the GC excess fluxes for di↵erent

analysis configurations, and di↵erent models of di↵use gamma-ray emission and sources in Sections from 3

to 6. Our results are compared to previous determinations of the GC excess spectrum from the literature.

Note, that the area of integration varies in di↵erent cases. In this analysis we mask some bright PS, which

e↵ectively masks the GC within about 2� radius. Gordon & Maćıas (2013) have a 7� ⇥ 7� square around

the GC. The flux from Calore et al. (2015) is obtained by taking the intensity in Figure 14 and multiplying

by the area of the ROI (2� < |b| < 20� and |`| < 20�) in their analysis. The ROI in Ajello et al. (2016) is

a 15� ⇥ 15� square around the GC. The two cases that we consider here correspond to the model with the

CR sources traced by the distribution of pulsars (Yusifov & Küçük 2004) where either only overall intensity

(“fit intens”) or both intensity and index (“fit index”) for the di↵use components spectra are fit to the data

(cf. Figure 13 of Ajello et al. 2016).

and modeling of PS. The excess remains significant in all cases in the energy range from 1 GeV to a

few GeV, although its flux is found to vary by a factor of & 3 owing to uncertainties in the modeling

of IC emission, additional CR sources near the GC, and a contribution of the low-latitude emission

from the Fermi bubbles.

Figure 15 also shows that our determination of the GC excess spectrum is generally consistent with

previous determinations in the literature, but our assessment of systematic uncertainties is generally

larger than that reported in other studies. We note that the ROIs used to determine the flux and

the flux profiles assumed are di↵erent for di↵erent analyses, thus the curves cannot be compared

quantitatively. The main purpose of the figure is to show that there is a qualitative agreement.

8. MORPHOLOGY OF THE GALACTIC CENTER EXCESS

Characterizing the morphology of the GC excess is important to understand its nature. In partic-

ular, spherical symmetry is expected for DM annihilation as well as, to a good approximation, for a

population of MSPs in the bulge of the Milky Way (e.g., Brandt & Kocsis 2015) or young pulsars

produced as a result of star formation near the GC (O’Leary et al. 2015), while a continuation of

Ackermann+ 2017 Lacroix & Silk 2017



Constraining a dark matter spike at 
the Galactic center with stellar orbits

• No direct evidence in favor 
or against DM spike          
at the GC

• Direct dynamical probes 
needed but small scales

• Quantify precession of the 
orbits of S stars from DM 
spike

• S2 star: ~1.5 orbits
• 25 years of data (Gillessen+ 

2017, Boehle+ 2016)

Gillessen+ 2017
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Direct dynamical constraints 
from orbit of S2

• Measure sensitivity of 
current data to deviation 
from BH-only orbit

• Upper limit on extended 
mass ~1% central BH 
mass (Gillessen+ 2009, 
2016)

• First direct constraints 
on spike radius at pc 
scales (Lacroix 2017, in 
prep)
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Conclusion

• Very strong signatures of the clustering of annihilating DM 
particles around SMBHs or IMBHs

• DM spikes probe very weakly annihilating DM

• Dedicated probes can break the degeneracy between annihilation 
cross section and inner DM profile

• Event Horizon Telescope: very strong new independent constraints 
(spatial morphology at very small scales)

• Direct constraints on parsec-scale DM profile at the GC from stellar 
orbits
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Thank you for your attention!


