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The initial data from the Event Horizon Telescope (EHT) on M87*, the supermassive black hole
at the center of the M87 galaxy, provide direct observational information on its mass, spin, and
accretion disk properties. A combination of the EHT data and other constraints provide evidence
that M87* has a mass ~ 6.5x10° My. EHT also inferred the dimensionless spin parameter |a*| 2 0.5
from jet properties; a separate recent analysis using only the light from near M87* as measured by
the EHT collaboration found |a*| = 0.9 £ 0.1. These determinations disfavor ultra light bosons
of mass u, € (0.85,4.6) x 1072' ¢V for spin-one bosons and p, € (2.9,4.6) x 1072! eV for spin-
zero bosons, within the range considered for fuzzy dark matter, invoked to explain dark matter
distribution on ~ kpc scales. Future observations of M87* could be expected to strengthen our

conclusions.

INTRODUCTION

Black holes (BHs) are at the same time simple and
mysterious. They are characterized by only a few pa-
rameters - mass, spin, and charge - and are considered
purely gravitational objects. Yet their essential character
is quite enigmatic: they represent a one-way exit (up to
quantum effects [1]) from the causally connected Uni-
verse, and their internal properties are masked by an
event horizon that is the point of no return. The most
direct evidence for their existence has until very recently
been provided by the observation of gravitational waves
from binary mergers ascribed to black holes [2]. This sit-
uation changed upon the release of a first ever image of
the M87* supermassive black hole (SMBH) at the center
of the Messier 87 (M87) galaxy, by the Event Horizon
Telescope (EHT) [3]. In some sense, this is the most
direct evidence for BHs, as it manifests their defining
characteristic: a region of space from which no matter
and light can escape.

The EHT imaging of M87* through a worldwide net-
work of radio telescopes is a historic scientific accom-
plishment. Future observations of this and other SMBHs
will usher in a new age of radio astronomy where direct
data on their event horizons and associated accretion dy-
namics become available and will get increasingly more
precise. There are numerous astronomical questions that
could be addressed with such observations and we can ex-
pect new and intriguing questions to arise as well. How-
ever, it is also interesting to inquire whether the impres-
sive new EHT data on M87* could be used to shed light
on fundamental questions of particle physics and cosmol-
ogy.

In this letter, we use the results of the EHT collabo-
ration on the parameters of M87* in the context of par-
ticle physics, and in particular ultra light bosons. These
states could potentially provide motivated candidates for
dark matter (DM), one of the most important open fun-
damental questions of physics. Dark matter constitutes
the dominant form of matter in the Universe, making
up ~ 25% of its energy density [4], with at best feeble

couplings to the visible world. It is generally assumed
that DM has non-gravitational interactions that led to
its production in the early Universe. These interactions
could then result in its detection in a variety of labora-
tory experiments. Nonetheless, DM has only been ob-
served through its gravitational effects in astrophysics
and cosmology. Therefore, purely gravitational probes
of DM provide the most model-independent approach to
constraining its properties.

It turns out that BHs, themselves purely gravitational,
can provide a unique probe of ultra light DM states
through the mechanism of superradiance [5—14]. That
is, roughly speaking, a spinning BH will lose its angular
momentum very efficiently if a boson with a particular
mass exists in the spectrum of physical states. This is
only a condition on the mass of the boson and does not
depend on whether the boson has any non-gravitational
interactions. In fact, the boson does not even need to
have any ambient number density, since quantum fluctu-
ations suffice to populate a boson cloud around the BH
by depleting its spin.

The superradiance mechanism can then provide an in-
teresting probe of DM states that would be otherwise
practically inaccessible to experiments. These states in-
clude ultra light axions [15-17] and vector bosons [I8]
that can appear in various high energy frameworks, such
as string theory. For extremely small masses up ~
10~ (21=22) ¢V such states can also address certain ob-
servational features of the DM distribution on scales of
~ kpc; this class of bosons is often referred to as fuzzy
DM [19-21] (for a fuzzy DM model based on infrared
dynamics, see Ref. [22]). We will show that the results
of the EHT collaboration on the M87* SMBH [23] can
probe and constrain this interesting regime of ultralight
DM masses. Possible implications of the EHT data on
MB87* for GeV scale DM have been discussed in Ref. [24].



SUPERRADIANCE OVERVIEW

Black hole superradiance leads to the growth of the bo-
son population once its energy wy satisfies the condition
(see, for example, Refs. [15, 16])

Wh
™ < Qm, (1)
where m is the magnetic quantum number of the boson,
associated with its angular momentum. Here, Q2 is the
angular velocity of the BH event horizon related to the di-
mensionless spin parameter a* = Jpu/(GyMZg) € [0,1)
by

1 a*
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where ry = Gy Mgh, Gy is Newton’s constant, and Mpy
is the BH mass. In the above expression Jpg is the BH
angular momentum.

In addition to the condition in eq. 1, there is another
condition that must be met for superradiance to deplete
the spin of a BH,

I'y 78u > In Ny, (3)

where Ty is the characteristic timescale of the BH, IV,
is the final occupation number of the cloud after the BH
spins down by Aa*,
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and T is the growth rate of the field for b € {S,V}
(scalar or vector). Note that superradiance applies to
both parity even and parity odd particles, so the scalar
case also applies to pseudoscalars such as axions. The
leading contribution for I'y is different for scalars and
vectors and, up to a factor of ~ 2, we have

1 *
I's = 2% rz,u%, (5)
'y = 4a*7‘gu€/ . (6)

For an observation of a BH mass and spin, an upper
and lower limit on py;, can be placed (that is, demanding
that superradiance has not depleted the spin of the BH
by Aa*) by,

o > Qp (7)
or
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where we have used the fact that for the dominant mode
one has m = 1 for both scalars and vectors. That is,
if the constraint in eq. 7 applies to a larger mass than
the constraint in eq. 8 or 9, the mass range of ultra light
bosons in between is ruled out.

EHT OBSERVATIONS OF MS87*

The EHT has provided the first direct measurement
of the environment immediately around M87*, leading
to a mass estimate of (6.5 £ 0.7) x 10° My, [23]. This is
fairly consistent with previous estimates that are in the
[3.5,7.2] x 10° M, range [25-27].

The shortest timescale that could be relevant for a
SMBH is the Salpeter time Tsaipeter ~ 4.5 X 107 years
[28] which is the case for when material is accreting on
to the object at the Eddington limit. In Ref. [18] they
conservatively take Ty ~ Tsalpeter/10 to account for the
possibility of super-Eddington accretion. Observations
of M87*, however, show that M /Mggq ~ 2.0 x 1075 [23]
consistent with previous measurements [29] which sug-
gests that the relevant timescale is much longer[30]. We
conservatively take 7y = 10° years as our fiducial value
since both the accretion and the spindown timescales [23]
are much longer. In addition, in the last billion years
there was likely only one merger event which involved
a much smaller galaxy and was unlikely to significantly
affect the spin of M87* [31]. We also note that the de-
pendence of the ultra light boson limits on 7y is at most
ol

The final parameter that remains to be observation-
ally constrained, and perhaps the most important in this
context, is the spin. The EHT checked if various spin con-
figurations are consistent with their data and jet power
measurements. They found that a* = 0 is inconsistent
with the data, while spins |a*| > 0.5 up to |a*| = 0.94
(as high as their analysis goes) are consistent with the
data, although there was no analysis made of any spins
0 < |a*| < 0.5 [23]. This leads to an approximate esti-
mate of |a*| > 0.5 which relies strongly on the observed
jet power to rule out the smaller spins. The EHT collabo-
ration takes a very conservative estimate of the jet power
[23]. A separate detailed analysis was performed which
finds ¢* = 0.9 + 0.1 using only properties of the light
around M87* as measured by the EHT collaboration [32]
which we take as our fiducial value and uncertainty.

RESULTS

Using eqs. 7, 8, and 9, it is possible to constrain light
bosons across a range of masses. We assume that the
largest value of Aa* is 1 — a* where a* is the spin today.
We report the 1 o results accounting for the uncertainties
in the mass and spin as described in the previous section,
as well as a factor of two in the uncertainty in the the-
oretical calculation of I',. Then we find that M&87* rules
out light bosons in the following ranges,

29x 107 eV < ug < 4.6 x 1072 eV,  (10)
85x 1072 eV < puy <4.6 x 1072 eV,  (11)
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FIG. 1. Regions of parameter space constrained by observations of SMBHs. The orange (blue) region is ruled out for vector
(scalar) bosons by M87*. Note that the constraints apply to both parity even and parity odd particles. Each constraint is
derived using the 1o conservative values for the mass and spin, and the shaded band on the left of each region represents
the size of the theoretical uncertainty. The green region is the constraint on vector bosons from Ark 120 [18] which cannot
constrain scalars. The region preferred by fuzzy DM is shown in gray.
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FIG. 2. The constraints on light bosons as a function of the
spin of M87*. The region constrained for scalar bosons (blue)
is also constrained for vector bosons (orange). The character-
istic fuzzy DM range is shown in gray, and the 1o inference
region of the spin is shown in khaki [32].

as shown in fig. 1 which also includes the constraint from
the lighter Ark 120 with Mgy = (0.150+0.019) x 10° M,
and a* = 0.6410 17 [18, 33-35]. For the timescale of Ark
120 we have conservatively taken Tgg = Tsalpeter/10 =
4.5 x 10° years as in Ref. [18]. The mass measurement
of Ark 120 comes from reverberation methods [35] and
the spin determination comes from X-ray data [33]. For
larger boson masses, there is fairly continuous coverage
from O(few) x 10720 eV to O(few)x 10717 eV from SMBH
observations with just a small gap at O(few) x 10719 eV.
Then there is large gap up to O(few) x 10714 eV at which
point stellar mass BHs provide constraints up to ~ 10711
eV. It is interesting to note that this is the largest black
hole for which we have a spin measurement [33, 36, 37]
which means that M87* has the most angular momentum
of any measured single object.

We also explored the effect of the spin measurement of

MS&7* on the constraint, as shown in fig. 2. A constraint
on vector bosons exists for any |a*| > 0.2 which overlaps
with the fuzzy DM range. A constraint on scalar bosons
only exists for |a*| > 0.55, none of which probes the fuzzy
DM range.

OUTLOOK

With additional analyses and observations, the spin
of M87* will become more precisely determined. If the
spin is determined to be larger than assumed here, the
constraints on ultra light bosons will become stronger.

The largest SMBHs are more than an order of magni-
tude more massive than M87*, but are significantly far-
ther away making them difficult targets for the EHT or
other probes that could provide good spin measurements
[38]. Still, this means that it is, in principle, possible
to probe the entire fuzzy DM parameter spin using this
technique, depending on the spins of the largest SMBHs.

Lyman-« forest measurements and observations of the
heating of the core of star clusters provide separate con-
straints on fuzzy DM that disfavor most of the parame-
ter space, leaving a possible opening around = 1072 eV
[39—41]. We note that this region is now constrained by
MS87*.

CONCLUSIONS

The Event Horizon Telescope has provided the first di-
rect image of a BH. We have shown that the information
gained from this observation can be used to place con-
straints on particle physics, specifically ultra light bosons
via the mechanism of superradiance. Superradiance leads
to a large extraction of energy from a rotating BH and
any determination of a BHs spin could place a constraint
on the presence of ultra light bosons. The measurement
of M8T7* provides constraints on both vector and scalar



bosons (as well as axial-vector and psuedoscalars such as
axions), and in the vector case constrains some of the
fuzzy dark matter parameter space. Future observations
of M87*’s spin can pin down the exact constraint and,
in principle, future spin measurements of SMBHs could
possibly cover the entire fuzzy dark matter parameter
space.
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