
A unique probe of dark matter in the core of
M87 with the Event Horizon Telescope

Based on Lacroix et al. 2016 [arXiv:1611.01961]

Thomas Lacroix
Collaborators: M. Karami, A. E. Broderick, J. Silk, C. Bœhm

GDR Terascale@LPNHE

24 November 2016

1



Introduction

Cores of galaxies extremely interesting: interplay of high-energy
processes, jets, putative DM annihilation...
Difficult to probe: high angular resolution needed
Inner DM density profile critical for indirect searches but poorly
constrained
Probe DM at horizon scales with the Event Horizon Telescope
(EHT)
Focus on M87, a primary target of the EHT

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

ρsp(r) ∝ r−γsp , γsp ∼ 7/3 (1)

⇒ strong annihilation signals

Adiabatic spikes not observed yet

Debated features
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Dark matter spikes affected by competing
dynamical processes

Disruptive dynamical effects

Instantaneous BH growth [Ullio et al. 2001]

Off-centered BH formation [Nakano & Makino 1999; Ullio et al. 2001]

Halo mergers [Merritt et al. 2002]

Stellar dynamical heating [Gnedin & Primack 2004; Merritt 2004]

Dynamical effects strengthening the case for DM spikes

Core-collapse from DM self-interactions [Ostriker 2000]

Efficient replenishment of the loss cone from steep stellar cusp
[Zhao et al. 2002]

Triaxiality of DM halo⇒ enhanced DM accretion
[Merritt & Poon 2004]
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Additional motivation for spike in M87

Dynamical relaxation time in the core of a galaxy

tr ∼ 2× 109 yr
(

MBH

4.3× 106 M�

)1.4
(2)

To be compared with the age of the Universe (∼ 1010 yr)

Stellar dynamical heating potentially relevant for the Milky Way

Negligible for galaxies with sufficiently massive central BHs

Negligible effect of stellar heating in dynamically young galaxies

M87 (MBH ≈ 6× 109 M�) dynamically young
⇒ stellar heating negligible
⇒ spike more likely to have survived in M87
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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

Event Horizon Telescope (EHT): game changer

Network of mm/submm telescopes

Very long baseline interferometry⇒ Earth-sized telescope
⇒ micro-arcsecond-scale angular resolution
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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

[Fish et al. 2013]
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Black hole shadows

Observing the shadow of the SMBH in M87

Shadow: disk of local darkness surrounded by brighter photon
ring from gravitational lensing

SMBH at the center of M87: angular Schwarzschild radius
∼ 8 µas, similar to Sgr A* (∼ 10 µas)
⇒ excellent target for the EHT

[Lacroix & Silk 2013] [Simulation; credit: Avery E. Broderick (University of
Waterloo/Perimeter Institute)]
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Probing dark matter at the center of M87 with the
Event Horizon Telescope

Probing the DM distribution close to the BH

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

DM-induced synchrotron intensity

Synchrotron radiation + advection of e± towards the BH

bb̄ annihilation channel for illustration

Ray-tracing scheme to model radiative transfer in the vicinity of
the BH [Broderick 2006; Broderick & Loeb 2006]

8



BH shadow in DM-induced synchrotron signal
5

FIG. 1. Simulated maps of the synchrotron intensity at 230 GHz from a spike of 10 GeV DM annihilating into bb̄, accounting for the strong
gravitational lensing induced by the central BH, for a Schwarzschild BH (left panel) and a maximally rotating BH (right panel), in the presence
(upper panels) and absence (lower panels) of a spike in the DM profile. Note that considering the wide range of intensities, we use different
color scales, but with the same dynamic range spanning three orders of magnitude for comparison. The angular coordinates x and h correspond
to the directions respectively perpendicular and parallel to the spin of the BH. For the spike cases, the slope of the DM spike is gsp = 7/3,
and the annihilation cross-sections correspond to the best fit to EHT observations (see text for details), namely 7.4⇥ 10�31 cm3 s�1 for the
Schwarzschild case and 3.1⇥ 10�31 cm3 s�1 for the maximally rotating case. In the absence of a spike, the intensity is computed for the
thermal s-wave cross-section of 3⇥10�26 cm3 s�1. For all the simulated maps the magnetic field is 10 G.

detectable with the EHT, as discussed in the following. The
presence of a photon ring introduces small-scale structure into
the signal, readily observable with the EHT on long baselines.
For a static BH the shadow is exactly circular. For all but
the most rapidly rotating BHs it is also very nearly circular
[31, 32]. For a maximally rotating Kerr BH viewed from the
equatorial plane the photon ring is flattened in the direction
aligned with the BH spin.

At scales above 25 µas the DM spike-induced emission pro-
duces a diffuse synchrotron halo whose intensity falls with
radius as a power law with index ⇡ 3.5. This is generic, oc-
curing independently of the BH spin and is present even when
gravitational lensing is ignored. The extended nature of this
component ensures that it is subdominant on Earth-sized base-
lines. In the absence of a spike, the profile is much flatter, and

falls with radius as a power law with index ⇡ 1. Fig. 1 also
illustrates the fact that the intensity is significantly enhanced
in the presence of a DM spike with respect to the no-spike
case. To better stress this enhancement, we show the maps
for the spike case computed for very small annihilation cross-
sections of a few 10�31 cm3 s�1—corresponding to the best
fits to the EHT data, as discussed below—, while in the ab-
sence of a spike we use the thermal s-wave cross-section of
3⇥10�26 cm3 s�1.

Shown in the blue solid line in Fig. 2 is the visibility ampli-
tude at 230 GHz as a function of baseline length for the current
EHT triangle, for the simulated DM-induced synchrotron sig-
nal, computed with a cross-section that gives the best fit to the
EHT measurements from Refs. [13, 14]. The left panel cor-
responds to the Schwarzschild case and the right panel to the

[Lacroix et al. 2016] 9



Interferometric observables

EHT interferometer→ complex visibilities (Fourier transform of
the image)

Currently sampling of the spatial-frequency plane too sparse to
directly reconstruct image

Visibility amplitude

Phase more difficult to obtain (atmospheric delays)
→ closure phase (CP) from triangles of sites

Currently only one triangle: Hawaii-California-Arizona
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Visibility amplitude: DM spike
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[Lacroix et al. 2016]

Photon ring around BH shadow⇒ observable small-scale
structure for the EHT

Adequate fit to EHT data with spike of annihilating DM

Very stringent constraints on annihilation cross-section: a few
10−31 cm3 s−1 at 10 GeV and ∼ 10−27 cm3 s−1 at 1 TeV
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Visibility amplitude: astrophysical contribution

But astrophysical component should be included→ degeneracy
230 GHz VLBI observations of M87 in March 2012 5

Figure 2. The measured correlated flux density of M87. Circles and crosses indicate the correlated flux density observed in 2012 (This
work) and 2009 (Doeleman et al. 2012), respectively. Errors are 1σ. The blue line and light-blue region are best-fit models for the 2012
data and 3σ uncertainties on it, respectively, while the black line and gray region are for the 2009 data. Left panel: correlated flux density
as a function of baseline length. Right panels: correlated flux density as a function of universal time for each baseline.

Table 3
Gain-corrected Visibility Amplitudes of M87

Year DOY UTC Baseline u v Correlated Flux 1σ
Density Error

(h) (m) (Mλ) (Mλ) (Jy) (Jy)
2012 81 5 49 PD 2002.665 845.916 0.59 0.14
2012 81 5 49 PF 2002.599 845.883 0.51 0.07
2012 81 5 49 PF 2002.599 845.883 0.47 0.07
2012 81 5 49 SD -340.631 421.034 0.98 0.10
2012 81 5 49 SF -340.698 421.001 1.06 0.07
2012 81 5 49 SF -340.698 421.001 1.03 0.07
2012 81 5 49 SP -2343.297 -424.882 0.60 0.09
2012 81 5 49 SP -2343.297 -424.882 0.26 0.08

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its
form and content.)

Table 4
Geometrical Models of M87. Errors are 3σ.

Model Date Compact Flux FWHM χ2
ν (d.o.f)

Density Size
(Year/DOY) (Jy) (µas)

2012 2012/81 0.98 ± 0.05 42.9 ± 2.2 2.2 (54)
2009a 2009/95-97 0.98 ± 0.04 40.0 ± 1.8 0.6 (102)
aModel obtained from all 3 days of data in the 2009 observations.

closure phase is an ideal tool to constrain physically mo-
tivated models, since relativistic effects such as gravita-
tional lensing, light bending and Doppler beaming gener-
ally induce asymmetric emission structure at the vicinity
of the central black hole, causing the closure phase to be
nonzero.

Figure 3 shows images and visibilities of the
approaching-jet-dominated models (Broderick & Loeb

2009; Lu et al. 2014), counter-jet-dominated models (J2
in Dexter et al. 2012), and the accretion-disk-dominated
models (DJ1 in Dexter et al. 2012). For jet models,
230 GHz emission structure can be categorized into two
types. One is the approaching-jet-dominated models,
where emission from the approaching jet is predominant
at 230 GHz (Broderick & Loeb 2009; Lu et al. 2014).
The model images consist of bright blob-like emission
from the approaching jet and a weaker crescent or ring-
like feature around the last photon orbit illuminated by
a counter jet. The emission from the approaching jet
dominates the 230 GHz emission regardless of the load-
ing radius of non-thermal particles where leptons are ac-
celerated and the jet starts to be luminous, although the
crescent-like feature appears more clearly at smaller par-
ticle loading radii (see Figure 3 in Lu et al. 2014). In
counter-jet-dominated models, the counter-jet emission

[Akiyama et al. 2015]

DM may account for significant portion of mm emission from
M87 core
Potentially even more stringent constraints with jet component
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Closure phase

CP of DM-induced emission consistent with low values
observed
Small CPs also typical of astrophysical models on the
Hawaii-California-Arizona triangle
Additional sites⇒ additional triangles⇒ constraints

5 6 7 8 9 10 11 12 13 14
tUTC (hr)

30

20

10

0

10

20

30

C
lo

su
re

p
h
as

e
(d

eg
)

DM spike, Schwarzschild BH
DM spike, maximally rotating BH
Akiyama et al. 2015

[Lacroix et al. 2016]

230 GHz VLBI observations of M87 in March 2012 7

Figure 4. The closure phase of models in Figure 3 as a func-
tion of Greenwich Sidereal Time. The black solid-line shows an
approaching-jet-dominated model (Doeleman et al. 2008; Lu et al.
2014) fitted to 2009 data in Doeleman et al. (2012) (Broderick et
al. in prep.). The red dashed- and green dotted-lines indicate
accretion-disk-dominated and counter-jet-dominated models (DJ1
and J2) in Dexter et al. (2012), respectively, at a position angle of
−70◦ inferred for the large-scale jet. Upper panel: model closure
phases on the current VLBI triangle. The circular points are our
results shown in Figure 1. Middle panel: model closure phases on
a triangle including SMA in Hawaii, CARMA in California and
LMT in Mexico. Lower panel: model closure phases on a trian-
gle including SMA in Hawaii, CARMA in California and ALMA
in Chile. (A color version of this figure is available in the online
journal.)

ferences in the visibility phase between long baselines
between Hawaii and the US mainland. For the case of
the approaching-jet-dominated models, the phase gradi-
ent between long baselines is expected to be moderate
particularly at large particle loading radii, since emission
is blob-like and fairly symmetric on spatial scales corre-
sponding to the current long baselines. Models with a
clear crescent-like or ring-like feature generally predict a
steep phase gradient around the null amplitude region
(see Figure 3), which would be detectable not on the
current baselines but more longer baselines such as the
Hawaii-Mexico baseline.

The observed closure phases cannot distinguish be-
tween models with different dominant origin of 230 GHz
emission on the current VLBI triangle due to the large
errors on the data points. However, future observations
with a higher recording rate of 16 Gbps can measure
the closure phase with an accuracy within a few degrees
at 1 minute integration, which can constrain physical
models more precisely. In addition, models can be ef-
fectively distinguished by near future observations with
additional telescopes such as the Large Millimeter Tele-
scope (LMT) in Mexico or the Atacama Large Millime-
ter/submillimeter Array (ALMA) in Chile. Differences in
closure phases between models become more significant
on larger triangles, as shown in the middle and bottom
panels of Figure 4.

While all of the physically motivated models are
broadly consistent with the currently measured closure
phases and amplitudes, they make dramatically different
predictions for forthcoming measurements. Models in
which the image is dominated by contributions close to

the horizon (counter-jet-dominated and accretion-disk-
dominated models) exhibit large closure phases on tri-
angles that include the LMT in stark contrast to those
dominated by emission further away (approaching-jet-
dominated). This extends to the visibility amplitudes:
the compact emission models predict nulls on baselines
probed by ALMA and the LMT (see Figure 3).

5.2. The brightness temperature of the
event-horizon-scale structure

New VLBI observations of M87 at 230 GHz in 2012
confirm the presence of the event-horizon-scale structure
reported in D12. The compact flux density and effective
size derived from the circular Gaussian models allow us
to estimate the effective brightness temperature of this
structure, which is given by (e.g. Akiyama et al. 2013)

Tb =
c2

2kBν2

F

πφ2/4 ln 2
(1)

=1.44 × 1010 K ×
( ν

230 GHz

)−2
(

F

1 Jy

) (
φ

40 µas

)−2

,(2)

where F , ν and φ are the total flux density, observation
frequency, and the FWHM size of the circular Gaussian.
The effective brightness temperature is 1.42+0.11

−0.10 × 1010

K for the 2009 model and (1.23 ± 0.11) × 1010 K for the
2012 model, where errors are 3 σ. These brightness tem-
peratures of ∼ 2 × 1010 K are below the upper cutoff in
the intrinsic brightness temperature of ∼ 1011 K on the
”inverse Compton catastrophe” argument (e.g. Keller-
mann & Pauliny-Toth 1969; Blandford & Königl 1979;
Readhead 1994). Although the 1.3 mm VLBI structure
has been poorly constrained particularly N-S direction
possibly inducing additional uncertainties, it is still in-
structive to discuss the effective brightness temperature
and its physical implications for both the jet and accre-
tion disk scenario.

In the case of the jet scenarios, the brightness temper-
ature would not be highly affected by the Doppler beam-
ing, and then not significantly differ from the intrinsic
(i.e. not Doppler-boosted) brightness temperature. The
brightness temperature is amplified by a factor of δ for
an isotropic blob-like source (e.g. Urry & Padovani 1995).
The Doppler factor is 1 − 3 at a moderate viewing angle
of 15−25◦ (e.g. Hada et al. 2011) and the Lorentz factor
of 1−2 in the inner 102 Rs region (e.g. Asada et al. 2014)
inferred for the M87 jet.

Interestingly, the 230 GHz brightness temperature is
broadly consistent with the peak brightness temperature
of ∼ 109 − 1010 K at the radio cores at lower frequencies
from 1.6 GHz to 86 GHz (e.g. Dodson et al. 2006; Ly et al.
2007; Asada & Nakamura 2012; Hada et al. 2012; Naka-
mura & Asada 2013) located within ∼ 102 Rs from the
jet base (Hada et al. 2011). This would provide some im-
plications also for the magnetic field structure of the jet.
If we assume the radio core surface corresponds to the
spherical photosphere of the synchrotron self-absorption
at each frequency, the magnetic field strength at the radio
core can be estimated by (e.g. Marscher 1983; Hirotani
2005; Kino et al. 2014)

B = b(p)ν5φ4F−2 δ

1 + z
∝ νT −2

b

δ

1 + z
. (3)

[Akiyama et al. 2015]
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Conclusion

First model of synchrotron emission from spike of annihilating
DM at horizon scale with BH lensing

DM-induced emission should be readily visible in EHT images

DM spike enhances the photon ring surrounding the BH
shadow
⇒ observable small-scale feature for the EHT

Adequate fit to current EHT data with DM spike

Stringent upper limits on DM annihilation cross-section (a few
10−31 cm3 s−1 at 10 GeV)

Jet contribution should be included
⇒ energy budget
⇒ potentially even stronger constraints

Future EHT observations with additional baselines
⇒ discriminate between astrophysical and DM-dominated
models
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Thank you for your attention!
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Best-fit values

Schwarzschild

7

FIG. 2. Visibility amplitude at 230 GHz as a function of baseline length. The blue solid line represents the synchrotron emission from a spike
of 10 GeV DM annihilating into bb̄, with B = 10 G (solid), B = 102 G (dashed), and B = 103 G (dot-dashed), for a Schwarzschild BH (left
panel) and a maximally rotating BH (right panel). The annihilation cross-sections correspond to the best fit to the EHT data from Refs. [13, 14],
given in Tables I and II for the Schwarzschild and maximally rotating cases respectively.

TABLE I. Best fit annihilation cross-section and reduced chi-squared c2
red = c2/d.o.f. for various DM masses and magnetic field strengths, for

the Schwarzschild case. Values of the reduced chi-squared are given for illustration.

mDM = 10 GeV mDM = 102 GeV mDM = 103 GeV
B = 10 G hsvibf = 7.4⇥10�31 cm3 s�1, c2

red = 1.4 hsvibf = 2.8⇥10�29 cm3 s�1, c2
red = 1.4 hsvibf = 1.2⇥10�27 cm3 s�1, c2

red = 1.4
B = 102 G hsvibf = 9.5⇥10�31 cm3 s�1, c2

red = 1.5 hsvibf = 4.4⇥10�29 cm3 s�1, c2
red = 1.5 hsvibf = 1.8⇥10�27 cm3 s�1, c2

red = 1.5
B = 103 G hsvibf = 4.2⇥10�30 cm3 s�1, c2

red = 1.8 hsvibf = 1.8⇥10�28 cm3 s�1, c2
red = 1.8 hsvibf = 8.1⇥10�27 cm3 s�1, c2

red = 1.7

FIG. 3. Closure phase as a function of universal time, for a
Schwarzschild BH (solid) and a maximally rotating BH (dashed), for
the current VLBI triangle between Arizona, California and Hawaii.
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Appendix A: Normalization of the DM profile

Here we describe how we normalize the profile correspond-
ing to a DM spike growing adiabatically from an initial power-

Maximally rotating
8

TABLE II. Best fit annihilation cross-section and reduced chi-squared c2
red = c2/d.o.f. for various DM masses and magnetic field strengths,

for the maximally rotating case. Values of the reduced chi-squared are given for illustration.

mDM = 10 GeV mDM = 102 GeV mDM = 103 GeV
B = 10 G hsvibf = 3.1⇥10�31 cm3 s�1, c2

red = 6.5 hsvibf = 1.2⇥10�29 cm3 s�1, c2
red = 6.0 hsvibf = 5.2⇥10�28 cm3 s�1, c2

red = 5.8
B = 102 G hsvibf = 2.9⇥10�31 cm3 s�1, c2

red = 11 hsvibf = 1.3⇥10�29 cm3 s�1, c2
red = 11 hsvibf = 5.6⇥10�28 cm3 s�1, c2

red = 11
B = 103 G hsvibf = 1.3⇥10�30 cm3 s�1, c2

red = 12 hsvibf = 5.6⇥10�29 cm3 s�1, c2
red = 12 hsvibf = 2.5⇥10�27 cm3 s�1, c2

red = 12

law profile r0 (r/r0)
�g [19] at the center of the M87 galaxy:

r(r) =

8
>>>>><
>>>>>:

0 r < RS
rsp(r)rsat

rsp(r)+rsat
RS  r < Rsp

r0

✓
r
r0

◆�g✓
1+

r
r0

◆�2

r � Rsp,

(A1)

where the saturation density determined by DM annihilations
reads

rsat =
mDM

hsvi tBH
, (A2)

with mDM and hsvi respectively the mass and annihilation
cross-section of the DM particle, and we take tBH = 108 yr
for the age of the BH. The spike profile reads

rsp(r) = rR

✓
Rsp

r

◆gsp

, (A3)

where rR = r0
�
Rsp/r0

��g, Rsp = agr0
�
MBH/(r0r3

0)
� 1

3�g and
gsp = (9� 2g)/(4� g). We use MBH = 6.4⇥ 109M� for the
mass of the BH [4], the corresponding Schwarzschild radius
is RS = 6⇥10�4 pc, and we take ag = 0.1. We fix r0 = 20 kpc
for the halo (as for the Milky Way), and we must then deter-
mine the normalization r0.

We choose r0 in such a way that the profile is compatible
with both the total mass of the galaxy and the mass enclosed
within the radius of influence of the BH, of order 105RS. We
thus follow the procedure described in Ref. [33]: the DM mass
within the region that is relevant for the determination of the
BH mass, typically within R0 = 105RS, must be smaller than
the uncertainty on the BH mass DMBH. r0 is thus obtained by
solving the following equation:

Z 105RS

RS

4pr2r(r)dr = DMBH, (A4)

with DMBH = 5 ⇥ 108 M�. Considering the complex de-
pendence of r on r0, we use the fact that the mass is
dominated by the contribution from r � RS, i.e., typi-
cally r > Rmin = O(100RS). In this regime we have r ⇠
rsp(r). We can also factorize the dependence on r0 in

rsp, rsp(r) = gg(r)r
1

4�g
0

�
R0

sp/r0
��g �R0

sp/r
�gsp , with R0

sp =

agr0
�
MBH/r3

0
� 1

3�g , and we finally obtain

r0 =

0
@
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�
DMBH

4pR0gsp�g
sp rg

0

⇣
R3�gsp

0 �R3�gsp
min

⌘

1
A

4�g

. (A5)

We take g = 1, which corresponds to the NFW profile. The
corresponding spike has a power-law index of gsp = 7/3. Nu-
merically, we get r0 ⇡ 2.5 GeV cm�3 for g = 1. Finally, the
total mass within 50 kpc is ⇠ 4⇥ 1012 M�, compatible with
the value derived from observations, 6⇥1012 M� [34].

In practice, the saturation radius rsat—for which rsat =
r(rsat)—is smaller than the Schwarzschild radius of the BH
for all values of the DM mass and annihilation cross-section
of interest here, so that the DM profile reads more simply

r(r) =

8
>>><
>>>:

0 r < RS

rsp(r) RS  r < Rsp

r0

✓
r
r0

◆�g✓
1+

r
r0

◆�2

r � Rsp.

(A6)

Note that one usually assumes that the DM profile vanishes
below 4RS (or 2RS from the full relativistic calculation for
a static BH [35]) due to DM particles captured by the BH.
Here, for simplicity, to study the potential of the EHT for
probing very steep power-law density profiles, we consider
a DM spike that goes all the way down to the horizon of the
BH, i.e. RS for a Schwarzschild BH and RS/2 for a maximally
rotating BH. However, this simplification has a negligible im-
pact on our results.

Appendix B: Solving the cosmic-ray equation in the presence of
an advection flow towards the central BH

The propagation equation of electrons and positrons in the
presence of advection and synchrotron losses,

v
∂ f
∂r

� 1
3r2

∂
∂r

�
r2v
�

p
∂ f
∂p

+
1
p2

∂
∂p

�
p2 ṗ f

�
= Q, (B1)

can be rewritten as:

∂ f
∂r

+
ṗad + ṗsyn

v
∂ f
∂p

= � 1
vp2

∂
∂p

�
p2 ṗsyn

�
f +

Q
v

, (B2)

where ṗad is the momentum gain rate due to adiabatic com-
pression in the advection process, and v(r) the velocity field
of the accretion flow. The associated characteristic curves are
obtained by solving the following differential equation:

dp
dr

=
ṗad + ṗsyn

v
. (B3)

Generalizing the method of Ref. [16] to an arbitrary power-
law profile for the magnetic field, B(r) = B0 (r/RS)

�a/2, solv-
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