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relevant for black holes of mass M > 10° Mg. This would affect the characteristics of most known
supermassive black holes, and thus presents a unique set of experimental signatures that could be tested
by the Event Horizon Telescope and similar future collaborations. The Newtonian potential is similarly
modified, and it is shown that for values of L, in the range considered, the effect will emerge at about
1 kpc from the galactic center, coincident with the flattening of the Milky Way’s rotation curve. This

suggests that the EUP could contribute to dark matter effects.
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1. Introduction

Black hole physics is entering a golden age. A century after Ein-
stein proposed his celebrated theory of General Relativity, two key
experiments are providing new data that promise to revolutionize
the field: the Laser Interferrometer Gravitational Wave Observa-
tory (LIGO) [1], and the Event Horizon Telescope (EHT) [2]. LIGO
has already ushered in the era gravitational wave astronomy, al-
lowing us for the first time to probe the Universe beyond the
electromagnetic spectrum. Through this window, we will be able
to test black hole mergers, coalescence, and ringdowns with high
precision. Conversely, the EHT is expected to reveal such novel
characteristics as “black hole shadows” - i.e. regions surrounding
black holes from which no light escapes - which will provide un-
precedented tests of gravitational physics at the event horizon.

Quantum gravity effects are primarily important for the physics
of microscopic black holes, including their evaporation profile
and singularity removal. There is growing consensus, however,
that quantum characteristics of the underlying gravitational the-
ory might also be relevant to macroscopic, large scale phenomena.
This is particularly important for the near horizon physics of astro-
physical or supermassive black holes, including metric fluctuations
[3-6], exotic compact objects like boson or Planck stars [7,8], and
quantum structures that exist just outside the horizon [9-11]. It
has been shown that such structures may even produce gravita-
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tional wave echoes in the ringdown phase of a compact binary
merger [12]. In fact, it has been reported that such echoes have
been observed with high statistical significance in the recent LIGO
data [13-15], though these findings have been highly scrutinized
[16].

These ideas suggest that black holes are fundamentally quan-
tum objects, regardless of their size. Although the horizon is a pre-
diction of General Relativity (GR), the physics governing it and the
associated thermodynamics arise from quantum principles. This is
perhaps most apparent from the black hole’s entropy, which is
given by the well-known area-entropy law, S ~ 4, and not the ex-
pected volumetric scaling for a classical object.

The horizon itself may arise from a quantum origin. For ex-
ample, the corpuscular framework [17] describes a black hole as
Bose-Einstein condensate (BEC) of N soft gravitons weakly con-
fined to a region of size R, with total energy E¢t ~ Mpy ~ N%.

. 2
The number of gravitons can be expressed as N ~ 57, and not-

ing that h = mplp, the spatial extent of the BEC bféck hole is
R ~ %MBH ~ GMpy, which is the expected relation.

Of paramount interest to the EHT data is the morphology of
the photosphere, more popularly known as the black hole shadow.
It has been shown that this feature can have a highly model-
dependent shape (see [18-26] and references therein). The most
striking prediction from a modified scalar vector tensor gravita-
tional theory is that the shadow could be up to ten times the size
predicted by General relativity [23].
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Given the imminent release of EHT data, it is of timely interest
to consider what other quantum effects might have an influence
at extremely large scales. In the following paper, the Extended
Uncertainty Principle (EUP) will be considered as such a candi-
date mechanism. An effective EUP-corrected Schwarzschild metric
is constructed, and the associated black hole characteristics are de-
rived. It is shown that if the EUP contributions become important
on scales of dark matter effects, there could be measurable devi-
ations in the horizon radius, matter orbits and innermost stable
circular orbit (ISCO), as well as the size of the photosphere of su-
permassive black holes (SMBHs) with masses M > 10°M,.

2. An Extended Uncertainty Principle inspired metric

The Generalized Uncertainty Principle (GUP) [27,28] is a quan-
tum gravitational correction to the Heisenberg relation,

AXAp > 1+ Bt Ap? (1)

where B is a constant of order unity and dimensionless units
h=c=1 are assumed. This is a common feature of disparate
quantum gravity theories, including string theory [29-34], loop
quantum gravity [35,36], gravity ultraviolet self-completeness [37],
non-commutative quantum mechanics [38], and generic minimum
length models [39-41]. The literature is rich with studies of GUP
black holes and a full summary would be exhaustive, but the in-
terested reader is referred to [42-49] and references therein. Such
GUP effects are strictly relegated to the domain of Planck-scale
black holes and their thermodynamics, as well as the Unruh ef-
fect [50].

The Extended Uncertainty Principle (EUP), on the other hand,
introduces a position-uncertainty correction to the relation of the
form [27,52]

Ax?
AxAp >1+ ozL—2 (2)
%
Here, L, is some new, large fundamental distance scale, with «o
taken to be of order unity.

EUP corrections have only recently been taken seriously, since
the need for large-scale corrections to gravitational physics was
not previously believed to be necessary [52]. This, of course, is
no longer the case, so the EUP provides an avenue to introduce
quantum effects over macroscopic distances. As such, the EUP can
modify the thermodynamics of FRW and (anti-)de Sitter spaces
[53,54].

In a previous paper [49], the authors constructed a GUP-
inspired metric of the form

2 ,  dr? 202
ds*=F(r)dt* — —— —r°d*“Q (3)
F(r)
where the metric function is

2 M2

Fry=1 2M 1+
N M3 r

2
d %> @)

Replacing G = Mljlz, the horizon of the corresponding black hole is

RH:26M+% (5)

This encapsulates both the macroscopic (first term) and expected
quantum behaviour (second term) of the horizon. Indeed, a hori-
zon of the form Ry ~ % is that of a (1 4+ 1)-D black hole, which
indicates the GUP-corrected black hole yields an effective dimen-
sional reduction for Planck scale physics [51]. This result is consis-
tent with a variety of other gravitational theories, which suggests

dimensional reduction might be a feature of a final quantum grav-
ity model.

While the literature is replete with applications of the GUP to
quantum gravity phenomenology, very few studies have considered
large scale EUP effects on black holes (see e.g. [52-55] and refer-
ences therein). Given a sufficiently large scale L., it is possible that
EUP modifications could be introduced to macroscopic black hole
characteristics, including the horizon size and relativistic orbit pa-
rameters. The scale L, should be large enough so as not to impact
solar system scale gravitation, but over larger ranges it will begin
to have a stronger influence.

In the spirit of the above discussion, one can thus propose an
EUP-inspired metric that will account for new gravitational physics
at some length scale L, > ¢p. Following the corpuscular picture
discussed earlier, consider a collection of N gravitons, each of mo-
mentum uncertainty Apg, confined to a horizon length Ax ~ Rs.
According to the EUP,

h aRZ
Apg ™ (1 + L—f) (6)
*

Noting that NR% ~ Mpgy, this expression becomes

aR2
*

For small black holes with Rs < Ly, AP is simply the (ADM) mass,
and so it can be inferred that the above expression represents a
total EUP-corrected mass,

40 G2 M2
L2

M:M(l-i— (8)

assuming there is some EUP-based correction to the stress energy
tensor, i.e.

M= /dBX\/E (T% &t To EUP) )

Replacing the mass term in the Schwarzschild metric with (8) thus
yields

2GM 40G*M?
fry=1- 14— (10)
r Ls
The horizon radius for (10) is
8aG3M>3
Ry =2GM + 1z (11)
*k

which shows the large scale EUP correction becomes relevant
when the horizon is of order Rs ~ L,. If the EUP scale is com-
mensurate with the Hubble length, L, ~ Ly ~ 1026 m, the EUP
corrections will not be observable for any known supermassive
black hole.

There is, however, no a priori reason that L, should be so large.
In fact, observations clearly show deviations from GR at much
smaller scales, particularly those attributed to dark matter. In this
case, L, might well be of (sub)galactic scales, suggesting that dark
matter effects may be somehow related to the EUP. This is not dis-
similar to “dark forces” induced by the Bose-Einstein condensate
corpuscular graviton formalism, which has been shown to repro-
duce MOND-like accelerations at similar scales [55].

A choice of L, ~10'2—10'% m for the fundamental scale places
the EUP enhancement near the upper range of most known su-
permassive black holes, whose masses have been estimated to be
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Fig. 1. EUP-modified horizon radius for black holes of mass M and « =1, with
L, =10'9 m (brown), L, = 10'2 m (blue), and L, = 10" m (red). The standard
Schwarzschild radius Rs = 2GM/c? is included (black dashed line). The dotted line
represents the Hubble scale, which provides an upper limit for horizon size.

between M ~ 10% — 101 Mg. Fig. 1 show the resulting depar-
tures from the standard Schwarzschild radius for such L, values.
The resulting deviations from General Relativity are potentially
measurable by the EHT or future higher precision observation ex-
periments. As L, is increased, the EUP effects emerge for SMBHs
beyond the observed mass range.

For Sgr A*, whose mass is approximately Msgas ~ 108 Mg [56],
a scale of L, ~ 10 m produces a horizon that is approximately
2.5 times as large as that predicted by GR. Note that although this
is commensurate with solar system scales, it does not impact the
associated tests of GR such as the advance of perihelion of Mercury
Ro

&
10~14, Unfortunately, this would correct the horizon of a 10'° solar
mass SMBH to Ry ~ 102! m, which is ruled out by observation.

An upper limit may be set by referring to the observational data
for SMBHs to fix an upper limit on their possible horizon size. The
closest known object to Sgr A* is the star M2, whose highly ellip-
tical orbit brings it within 1400Rs [57], however structures have
been observed as close as 3Rs from the centre [58]. For higher
mass candidates, the constraints are somewhat looser. The limb-
brightened jet from the SMBH in M87 (M = 6.1 x 10° M) has
been measured within a sensitivity of 7 Rs Mgz [59]. Additionally,
the active region around 3C84 (M =2 x 10° M) has been resolved
to within approximately 300 Rs 3cs4 from the core [60].

This data implies that a lower bound of L, ~ 102 — 10!3> m
can still potentially fit current observations. For L, ~ 10'? m, the
horizon radius of Sgr A* would be bigger than the GR prediction by
0.01%, or about 1000 km. A value of L, ~ 10'3 m lowers to 10~4%.
These differences are not resolvable in current observation. Note
that the corresponding horizon radius of a 10'® My SMBH would
be larger than the GR prediction by a factor of 10% for L, ~10'% m,
and a factor of 10 for L, ~ 103 m.

This EUP metric imposes a maximum mass for a black hole in
our universe, since the corresponding horizon cannot exceed the
Hubble length Ly ~ 1026 m. For those SMBHs whose horizons ex-
ceed L., the EUP term dominates and so one can estimate

and the deflection of starlight since the EUP correction is

(LyL2)3
2G
whose numerical values are found in Table 1. These values are
many orders of magnitude above the predicted masses of known
(putative) SMBHSs, and thus this can be considered a self-check of
the framework. Of course, the upper bound on the size of possible

Ry~ Ly —— (12)

Mmax ~

Table 1

Maximum possible EUP black hole
mass as a function of fundamental
scale factor L,. Observational data
rules out Ly < 10'2 m.

Ly (m) Mmax (Mg)
10" 3.4 x 1012
10'2 1.6 x 1013
103 7.3 x 103
104 3.4x 10"

black holes is likely several (many) orders of magnitude below the
Hubble length, and can be further constrained by observation.

Further justification for the choice of length scale can be elu-
cidated by the Newtonian potential, derived from the weak field
limit

ge=fN~1+20M,1) (13)
which in this case gives
Rs(M)?
®(M, 1) = Ddy(M, 1) (1 + %) (14)
*

with ®y(M,r) the Newtonian potential for a mass M. For the
Milky Way galaxy, dark matter effects (e.g. the flattening of ro-
tation curves) set on the order r ~ 1 kpc = 10'® m. The amount of
mass interior to this radius is about M ~ 10'9M, [61], for which
the corresponding Schwarzschild radius is Rs ~ 10'3 m. This is
precisely the scale range of L, considered herein, which would
produce observable effects in SMBHs of that mass.

To close this section, it is appropriate to comment on the choice
of sign for the EUP parameter. If « = —1, the corrected horizon will
shrink relative to its general relativistic value,

8aG3M3

Ry =2GM — 12
*

(15)
This has drastic implications for SMBHs, since it implies more mas-
sive black holes have smaller horizons, leading to Ry = 0 for the
maximum mass
L,

M = — 16

max GM ( )
Similarly, the weak field limit discussed above would result in a
repulsive potential (14) for sufficiently large mass distributions,
which is clearly ruled out by observation for the choice of L, con-
sidered herein.

3. Relativistic orbits around EUP black holes

Following the standard prescription, the equations for matter
orbits around EUP black holes are straightforward to obtain. Setting
o =1, the effective potential is

Rs R% 2 Rsl? R%
Vimatter = —— 14+ —= | + — — = [1+ = 17
mater = " or ( Tt Ut (17)

where [ is the matter particle’s angular momentum. Expressed in
terms of the Schwarzschild radius, the stable orbits occur at

2 2r2\ 2
- 3R5<1+L—3j>
Ry=—n———F 1|1+ |1 - ———

2 2
Rs(1+%> :
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Fig. 2. The difference in ISCO radii between the EUP and standard GR, ARjsco =
Risco — Risco.gr in units of the SMBH Schwarzschild radius. L, = 10" m (brown),
for L, =103 m (blue), and L, = 10" m (red).

The critical angular momentum value for stable orbits is

R2
lisco = v/3Rs (1 + L_25> (19)
*
which gives the ISCO as
3R}
Risco=3Rs + —5* (20)
*

Again, the EUP correction becomes relevant when Rs ~ L.. As
Fig. 2 indicates, the difference can be significant when L, = 10'> m
for SMBHs of masses greater than M ~ 108 M, while any sig-
nificant different in the ISCOs will be apparent for SMBHs below
M =10"% Mg, for larger L.

Similarly, the effective potential for photon orbits is obtained as

1 Rs R%
Wy==|1-—=(1+= 21
Y r2|: T<+Li ( )

and the photosphere is (as a function of Rg)

1.5R?
EUP S
Rps =1.5Rs + 12 (22)
*
Note that the difference between EUP and GR photospheres is
3
ARps = %, which is different than that for the matter ISCOs.

This suggests a unique experimental test of the EUP-modified grav-
ity considered herein, since the ISCO determines the accretion disk
limits and the photosphere dictates the size of the black hole
shadow.

As a final note, the Hawking temperature of the EUP black hole
can be readily computed as

T~ f'(Ry) ~ 23
F'(Ry) S7CM (23)
In the limit GM « L., the standard GR form is recovered, i.e.
1
T~ (24)
87 GM
but when GM > L., one finds
LZ
T~— _ 25
327 G3M3 (25)

Consequently, very large black holes have a much smaller temper-
ature than that predicted by GR. The crossover temperature occurs
when

L,
Mrit ~ — 26
crit ZG ( )
Note this can also be written in terms of the Planck length as
L
Mrit _2* (27)
£
Pl

and thus is dependent on both of the two fundamental scales.
4. Conclusions

This paper has introduced a large mass scale correction to the
Schwarzschild metric inspired by the Extended Uncertainty Princi-
ple. All measurable properties of a black hole - horizon, ISCO, and
photosphere - are modified by the addition of a term proportional

to (;3;;/13_ If L, is on the order of 10'2-10'* m, such deviations
will become relevant for supermassive black holes in the range of
M ~10°-10"" M. Although the deviations from GR will be much
smaller for Sgr-A* they could be measurable in the future with
increased resolution.

Future investigations will consider EUP modifications to Kerr
black hole metrics, since the SMBHs in the galactic centres are sig-
nificantly rotating. This work is currently in progress. Additional
applications include corrections to weak-field (Newtonian) poten-
tials, which can be used to model galactic rotation disks and deter-
mine if EUP gravity could partially mimic dark matter effects. On
its own, the rll form of the force will still produce a Keplerian ve-
locity profile and not a flattening effect, so it does not completely
negate the need for dark matter. Since the Newtonian gravitational
force from baryonic matter increases when the Schwarzschild ra-
dius of the enclosed mass exceeds L., though, it will at least de-
crease the amount of dark matter needed. This will be relevant to
galactic and extra-galactic dynamics, particularly for objects out-
side the solar orbital radius.

It is also of interest to determine how the modifications might
look if L, is near the value considered in this work, or even closer
to the Hubble scale. This will have implications for in the forma-
tion and dynamics of large scale structures, as well as associated
cosmological models.

Lastly, for completeness it is noted that the most general form
of the uncertainty principle can be expressed as [27]

. Ax?
AXAp > 1+ By Ap +otL—2, (28)
*
which is often referred to as the Generalized Extended Uncertainty
Principle (GEUP, [54]). This encompasses both quantum (GUP) and
large (EUP) scale corrections to gravity, and thus provides “book-
ends” for quantum gravity effects (a natural choice for L, is
the Hubble scale, providing a “dual” counterpart to the Planck
length £p;). If GUP effects are included as in Equation (28), the
corresponding black hole horizon would be

Ry =2GM + 8aGo M + d (29)
H= 12 M

which reduces to (11) in the large mass limit. Since GUP effects

will only be relevant near the Planck scale this form was not con-

sidered in the present paper, however future investigations can

explore the possible new connections between quantum and clas-

sical gravitation.
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