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Abstract We study strong deflection gravitational lensing
by a Lee-Wick ultracompact object. Its unique feature is a
series of relativistic images inside its photon sphere, which
are absent in the case of a black hole. We obtain its observ-
ables and estimate them for the supermassive black holes Sgr
A* and M87* respectively in the Galactic center and in the
center of M87. We find that the innermost relativistic image
is a very promising signature according to its angular separa-
tion from the photon sphere and its considerable brightness.
A preliminary bound on the UV scale of such an object is
estimated based on the shadow of M87*.

1 Introduction

Direct detections of gravitational waves [1–6] and directly
imaging the shadow of M87*, the supermassive black hole
in the center of galaxy M87 [7–12], have not only shown
that black holes are very common in the Universe, but also
opened a new window to strong-field gravitational physics.
A black hole is the simplest macroscopic object which one
can obtain from the field equations of Einstein’s general rel-
ativity (GR). However, such a fundamental object is plagued
with the existence of its event horizon and central singular-
ity. The event horizon protects the singularity from expo-
sure and disconnects the interior of the black hole from the
exterior. This causes Hawking radiation, giving birth of the
information-loss problem. The singularity is the place where
GR becomes invalid. A quantum theory of gravity might be
a cure, but no exact prescription is available yet. There are
numerous ways to effectively remove the singularity, such
as replacing it with a regular core [13–16], bouncing by the
quantum pressure [17–19], and creating a quasi-black hole
[20–23] (see Ref. [24] for a review). Alternatively, it might be
possible to erase the event horizon by considering an exotic
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compact object which is more massive than a neutron star but
without the event horizon [25] or a compact quantum object
which exists due to the quantum dynamics [26]. Among the
exotic compact objects, those with photon spheres are called
ultracompact object s [25]. A number of proposals have been
raised to realize these objects, such as whormholes [27,28],
fluid stars [29], boson stars [30], gravastars [31,32], 2-2 holes
[33], fuzzballs [34,35], Planck stars [36] and nonlocal stars
[37] (see Ref. [38] for a review).

In this work, we focus on a Lee-Wick ultracompact object.
It is based on a new local higher derivative theory of grav-
ity without real poles [39–43], which is consistent with the
Lee-Wick model [44–46]. A black hole solution to the the-
ory was currently found and proved to be non-singular [47].
Such a theory also permits a spacetime solution without the
event horizon and central singularity but with the photon
sphere, which might be treated as the Lee-Wick ultracom-
pact object. While thermodynamics [47] and strong deflec-
tion gravitational lensing [48] of the Lee-Wick black hole
were investigated, it is still unknown about physical proper-
ties and observational signature of the Lee-Wick ultracom-
pact object, which are critical for searching and distinguish-
ing such a horizonless object.

Through gravitational and electromagnetic waves, it is in
principle possible to tell a ultracompact object from a black
hole [38]. A telltale of the ultracompact object in gravita-
tional waves observation is the late-time echoes in the ring-
down phase [49–53]. However, the event rates for current
ground-based gravitational wave detectors are low and the
methods to filter the echoes out of noise are fledgling for now;
next-generation ground-based and space-borne gravitational
waves detectors might be more promising [25]. Therefore, in
light of successful direct imaging M87* by the Event Horizon
Telescope (EHT) [7], we will concentrate on investigating
the behavior of the Lee-Wick ultracompact object on elec-
tromagnetic waves, especially strong deflection gravitational
lensing and its unique signature.
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In the strong deflection gravitational lensing by a black
hole, the deflection angle can become much bigger than unity,
producing a set of relativistic images in the outside of and
very close to its photon sphere (unstable light ring) [54] and
forming an escape cone of light, also known as “shadow”,
inside the photon sphere [55] (see Refs. [56,57] for reviews).
EHT has directly measured the angular diameter of M87*’s
shadow as 42 ± 3 microarcsecond (μas) [7–12]. Its efforts
of directly imaging the shadow of the supermassive black
hole in the Galactic Center, Sgr A*, are underway. Detecting
relativistic images of black holes might also be feasible in the
future, providing better understanding of black holes [58–63]
and distinguishing various kinds of them [64–74].

An unparalleled property of the ultracompact object is the
existence of an antiphoton sphere (stable light ring) inside
the photon sphere [75,76], which is not present at a black
hole. Therefore, its strong deflection gravitational lensing is
dramatically different from a black hole’s by having unique
relativistic images inside the photon sphere. Although gravi-
tational lensing by various horizonless objects, such as worm-
holes [77–93], naked singularities [94,95], gravastars [96]
and boson stars [97], have been widely studied, most of them
paid less attention on the role of and resulting observables
of the antiphoton sphere with a few exceptions: the gravita-
tional lensing in the case where the antiphoton and photon
spheres coincide was studied in the Majumdar-Papapetrou
dihole spacetime [98] and an analytical approach to handle
the strong deflection lensing by the antiphoton sphere of the
ultracompact object was proposed [99].

In Sect. 2, the spacetime of a Lee-Wick ultracompact
object will be briefly reviewed. We study its strong deflec-
tion gravitational lensing and resulting outer and inner rel-
ativistic images by using the methods of strong deflection
limit respectively for the photon sphere [60,63] and for the
antiphoton sphere [99] in Sect. 3. In Sect. 4, taking Sgr A*
and M87* as two ultracompact object s, we estimate their
observables of the lensing, evaluate their observability and
obtain a tentative bound on the UV scale for the ultracompact
object based on the observation of M87* by EHT. In Sect. 5,
we conclude and discuss our results.

2 Lee-Wick ultracompact object

The Modesto–Shapiro theory of gravity reads [39–43]

S = 1

8πGN

∫
d4x

√|g|
[
R + Λ−4Gμν�Rμν

]
, (1)

where GN denotes the gravitational constant and Λ is the
UV scale. It is not necessary for Λ to be comparable with the
Planck mass. The static and spherically symmetric spacetime
solution of a source with mass m• was found as (with GN =
c = 1) [47]

ds2 = −A(r)dt2 + B(r)dr2 + C(r)
(

dθ2 + sin2 θdφ2
)

,

(2)

where

A(r) = [B(r)]−1 = 1 − 2m•
r

f (χ), (3)

C(r) = r2, (4)

and

f (χ) = 1 − e−χ [(1 + χ) cos χ + χ sin χ ] , (5)

with

χ =
√

2

2
Λr. (6)

For later convenience, we define that

x = r

2m•
and κ = √

2Λm• (7)

which are scaled by the mass of the source and are dimen-
sionless.

The (redefined) UV scale κ determines the existence of the
event horizon(s) of the spacetime (2). When κ > κh ≈ 2.165,
it has two distinct event horizons; as κ = κh, they merge into
one at rh = 2m• xh with xh ≈ 0.953; when κ < κh, it ends
up no horizons. The spacetime with κ ≥ κh are called the
Lee-Wick black hole [47].

The existence of the light ring(s) is also controlled by κ .
From the null geodesics of a photon in the equator (θ = π/2)
of the spacetime (2), we can have the equation of motion of
its radial coordinate r as [63,99]

A(r)B(r) ṙ2 + L2Veff(r) = E2, (8)

where a dot means the derivative against the affine param-
eter, E = A(r)ṫ and L = C(r)φ̇ are the energy and angu-
lar momentum of the photon, and the effective potential per
square of the angular momentum is

Veff(r) = A(r)

C(r)
. (9)

A circular photon ring requires V ′
eff(r) = 0 and r > 0 where

′ denotes the differentiation with respect to r . The unstable
photon ring with V ′′

eff(r) < 0 is usually called the photon
sphere with the radius rm = 2m• xm that is outside the event
horizon (if exists); and the stable photon ring with V ′′

eff(r) >

0 is called the antiphoton sphere with the radius ra = 2m• xa

[99].
We find that κa ≈ 1.763 is the lower bound to ensure

the existence of the antiphoton and photon spheres and when
κ → κa these two spheres get close to each other and eventu-
ally vanish at κ = κa and xa ≈ 1.670 due to V ′′

eff = 0 at this
point. For any κ < κa, no circular photon ring is allowable.
We also find that κh is the upper bound for the existence
of the antiphoton sphere. In the case of κ ≥ κh, the event
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Fig. 1 A(x) and Veff on Da are respectively shown in the top and
bottom panels where x = (2m•)−1r and κ = √

2Λm•. This domain
ensures the existence of its antiphoton and photon spheres for the Lee-
Wick horizonless ultracompact object

horizon encloses the anti-photon sphere, making it ineffec-
tive, and only the photon sphere survives outside the event
horizon. Therefore, for the horizonless case of the Lee-Wick
spactime (2), its antiphoton and photon spheres exist as long
as the UV scale satisfies

κ ∈ Da = {κ | κa < κ < κh}. (10)

We call it a Lee-Wick ultracompact object. It has no event
horizon and central singularity. Figure 1 shows A(x) and
Veff for the Lee-Wick ultracompact object respectively in
the top and bottom panels. It can be seen that, for a given κ

belonging to the domain Da, there exists no root of A(x) and
Veff has two local extrema corresponding to the antiphoton
and photon spheres. However, when κ = κa, neither of the
local extrema exist for Veff . The (dimensionless) radii of the
antiphoton and photon spheres, xa and xm, are shown in the
top panel of Fig. 2, demonstrating that xm is bigger than xa.

3 Outer and inner relativistic images

In the strong deflection gravitational lensing, its deflection
angle is much bigger than 1, resulting in a series of relativis-
tic images by photons surrounding a compact object with n
loops. A black hole with the event horizon and photon sphere
forms the relativistic images outside the photon sphere but
none inside. In contrast, a horizonless ultracompact object,
such as the Lee-Wick one, can generate a series of relativis-
tic images inside as well as those outside the photon sphere
since it is possessed of both antiphoton and photon spheres.
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Fig. 2 It shows the positions of the antiphoton and photon spheres xa
and xm in the top panel, the coefficients of the strong deflection limit
ā+ and ā− in the middle panel and b̄+ and b̄− in the bottom panel

For a light ray lensed by the Lee-Wick ultracompact
object, its impact parameter u is

u2 = C(r0)

A(r0)
, (11)

where r0 is the closet approach distance of the photon. Its
deflection angle can be obtained as [58,99,100]

α̂(r0) = −π + 2
∫ ∞

r0

√
B(r)

C(r)R(r)
dr, (12)

with

R(r) = C(r)

C(r0)

A(r0)

A(r)
− 1. (13)

The radius of its photon sphere rm is given by the root of
V ′

eff(rm) = 0 with condition V ′′
eff(rm) < 0 while the radius

of its antiphoton sphere ra is determined by the root of
V ′

eff(ra) = 0 with condition V ′′
eff(ra) > 0.

In the strong deflection limit generating the outer relativis-
tic images, its deflection angle of a photon with r0 � rm is
[60,63]

α̂+(u) = −ā+ log

(
u

um
− 1

)
+ b̄+ + O[(u − um)

log(u − um)], (14)
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where um is the impact parameter evaluated at the photon
sphere rm and

ā+ =
√

2

AmC ′′
m − A′′

mCm
, (15)

b̄+ = ā+ log

[
r2

m

(
C ′′

m

Cm
− A′′

m

Am

)]
+ I+(rm) − π. (16)

Here, a quantity with subscript “m” means its value at rm,
and we have

I+(rm) = 2
∫ 1

0

[
rm

(1 − z)2

√
Cm

(AmCz − AzCm)Cz
− ā+

|z|
]

dz,

(17)

where

z = 1 − rm

r
, (18)

and any function F with subscript z denotes

Fz ≡ F[r(z)] = F
[
rm(1 − z)−1

]
. (19)

In the strong deflection limit, the Lee-Wick ultracompact
object can also have the inner relativistic images inside the
photon sphere if r0 < rm. The resulting deflection angle is
[99]

α̂−(u) = −ā− log

(
u2

m

u2 − 1

)
+ b̄−

+O
[
(u2

m − u2) log(u2
m − u2)

]
, (20)

where

ā− = 2ā+, (21)

b̄− = 2ā+ log

[
2r2

m

(
C ′′

m
Cm

− A′′
m

Am

) (
rm

rc
− 1

)]

+I−(rc) − π, (22)

I−(rc) = 2
∫ 1

1− rm
rc

[
rm

(1 − z)2

√
Cc

(AcCz − AzCc)Cz
− ā+

|z|

]
dz.

(23)

Here rc is defined as the root of Veff(rc) = Veff(rm) and
satisfies rc < rm; and a function with subscript “c” means its
value at rc.

In the middle and bottom panels of Fig. 2, the coefficients
of the strong deflection limit for the outer relativistic images
ā+ and b̄+ and those for the inner images ā− and b̄− on the
domain Da are shown. It is clear that ā+ is a half of ā−, see
Eq. (21). When κ ≈ κa, b̄− is less than b̄+ by about a factor
of 2; and for κ > 1.790, we have b̄− > 0 > b̄+. We can
see that when κ → κa, both ā± and b̄± diverge. It happens
because the antiphoton and photon spheres vanish at κ = κa,
causing the strong deflection limit invalid, and there exists a

point with V ′
eff(rm) = V ′′

eff(rm) = 0 (see the red curve in the
bottom panel in Fig. 1), making ā± and b̄± explode.

In order to obtain the observables of the outer and inner
relativistic images, we adopt the lens equation as [58,59,101]

B = ϑ − DLS

DOS
[α̂(ϑ) − 2nπ ], n ∈ Z

+, (24)

whereB is the angular position of the source, ϑ is the angular
position of the image, and DLS and DOS are respectively the
distances from the lens to the source and from the observer
to the source. It is assumed that the source, the lens and the
observer are nearly aligned and both the source and observer
are far from the lens. Therefore, α̂(ϑ) = α̂+(u) for the outer
relativistic image and α̂(ϑ) = α̂−(u) for the inner image
where u = ϑDOL and DOL is the distance from the observer
to the lens. For a lensed image, its magnification μ can be
found as [102]

μ(ϑ) =
[

sinB(ϑ)

sin ϑ

dB(ϑ)

dϑ

]−1

. (25)

The position of the outer relativistic Einstein ring ϑ0+n
with α̂+ = 2nπ is [60]

ϑ0+n = um
DOL

(1 + e+n) (26)

with

e+n = exp

(
b̄+ − 2nπ

ā+

)
, (27)

which leads to the apparent angular radius of the photon
sphere as n → ∞

θ+∞ ≡ ϑ0+∞ = um
DOL

. (28)

The position of the outer relativistic image ϑ+n is [60]

ϑ+n = ϑ0+n + ume+nDOS

ā+DLSDOL
(B − ϑ0+n) (29)

and its magnification is [60]

μ+n = u2
mDOS

ā+BD2
OLDLS

(1 + e+n)e+n . (30)

It can be found that if i > j > 0, then ϑ+i < ϑ+ j and
|μ+i | < |μ+ j |. The position of the inner relativistic Einstein
ring ϑ0−n with α− = 2nπ is [99]

ϑ0−n = um
DOL

√
1 + e−n

(31)

with

e−n = exp

(
b̄− − 2nπ

ā−

)
(32)
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which gives the same angular radius of the photon sphere as
the one for the outer relativistic images that

θ−∞ ≡ ϑ0−∞ = um
DOL

. (33)

Hereafter, we will omit ± in the notation of the apparent size
of the photon sphere for θ∞ = θ±∞. The position of the inner
relativistic image ϑ−n is [99]

ϑ−n = ϑ0−n − ume−nDOS

2ā−DLSDOL

(B − ϑ0−n)

(1 + e−n)3/2 (34)

and its magnification is [99]

μ−n = − u2
mDOS

2ā−BD2
OLDLS

e−n

(1 + e−n)2 . (35)

It can also be found that if − j < −i < 0, then ϑ−i < ϑ− j

and |μ− j | < |μ−i |.
If it is assumed that only the innermost and outermost

relativistic images could be resolved and all of the remaining
ones are packed together at the photon sphere θ∞, we can
have separations among the relativistic images as

si, j ≡ ϑi − ϑ j , (36)

and there brightness difference in the unit of magnitude as

Δmi, j ≡ 2.5 log10

( |μi |
|μ j |

)
, (37)

where i, j = −1,∞, 1 respectively for the innermost rela-
tivistic image, the photon sphere and the outermost one. For
the magnification of the photon sphere, it has contributions
from both inner and outer relativistic images that

μ∞ =
∞∑
j=2

(|μ+ j | + |μ− j |). (38)

Therefore, we can have

s+1,∞ = θ∞e+1, (39)

s∞,−1 = θ∞
(

1 − 1√
1 + e−1

)
, (40)

s+1,−1 = θ∞
(

1 + e+1 − 1√
1 + e−1

)
, (41)

Δm+1,∞ = 2.5 log10[e+1(1 + e+1)] − 2.5 log10

×
⎧⎨
⎩

∞∑
j=2

[
(1 + e+ j )e+ j + e− j

4(1 + e− j )2

]⎫⎬
⎭ ,

(42)

Δm−1,∞ = 2.5 log10

[
e−1

4(1 + e−1)2

]
− 2.5 log10

×
⎧⎨
⎩

∞∑
j=2

[
(1 + e+ j )e+ j + e− j

4(1 + e− j )2

]⎫⎬
⎭

(43)

Δm+1,−1 = 2.5 log10

[
4
e+1

e−1
(1 + e+1)(1 + e−1)

2
]

. (44)

Here, s+1,∞, s∞,−1 and s+1,−1 are respectively the angular
separations between the outermost relativistic image and the
photon sphere, between the photon sphere and the innermost
relativistic image and between the outermost and innermost
images, while Δm+1,∞, Δm−1,∞ and Δm+1,−1 are respec-
tively their brightness differences. The angular separations
are dependent on θ∞ which relates to the mass and distance
of the lens, while the brightness differences are dimension-
less and irrelevant to these two quantities of the lens.

4 Observables for Sgr A* and M87*

For current capability of gravitational wave detection and
astronomical observation, it is still hardly to distinguish
a horizonless ultracompact object from a black hole [38].
Therefore, We hypothesize that Sgr A* and M87* were two
Lee-Wick ultracompact object s with the mass MSgrA∗ =
4.28×106 M� and the distance DOL,SgrA∗ = 8.32 kpc [103]
and with MM87∗ = 6.5×109 M� and DOL,M87∗ = 16.9 Mpc
[12].

Their angular observables, including the apparent radius
of the photon sphere θ∞ as well as the separations between
the relativistic images s+1,∞, s∞,−1 and s+1,−1, are shown
in Fig. 3. On the domain Da, θ∞ decreases with the incre-
ment of κ . θ∞ for Sgr A* ranges from 29.7 to 31.1 µas for
the Lee-Wick ultracompact object, bigger than its value of
26.4 μas in the case of a Schwarzschild black hole; and θ∞
becomes 22.3–23.2 µas for M87* whereas its value for the
Schwarzschild black hole is 19.7 µas. The angular separa-
tion between the outermost relativistic image and the photon
sphere s+1,∞ quickly reaches its peak values of 75 nanoarc-
second (nas) for Sgr A* and of 56 nas for M87* at κ ≈ 1.780
and then slowly decays to about 9 nas. By comparison, their
corresponding values for the Schwarzschild black hole are
33.0 nas for Sgr A* and 24.7 nas for M87*. However, even
at its peaks, s+1,∞ is still far beyond the foreseen angular
resolution of observation in the near future. In contrast, the
angular separation between the innermost relativistic image
and the photon sphere s∞,−1 is much bigger than s+1,∞
and it can monotonically increase to 5.6 μas for Sgr A*
and to 4.2 μas for M87* as κ approaches κh. These val-
ues are marginally with the current ability of EHT [7]. Since
s+1,−1 = s+1,∞ + s∞,−1 and s∞,−1 � s+1,∞, we can have
s+1,−1 ≈ s∞,−1 and s+1,−1 have almost the same curves as
those of s∞,−1 for Sgr A* and M87*.

Figure 4 shows the magnification-related observables
which are the brightness differences between relativistic
images Δm+1,∞, Δm−1,∞ and Δm+1,−1. Since the bright-
ness differences do not depend on the mass and the distance
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of the lens, the two Lee-Wick ultracompact object s of Sgr
A* and M87* share the same curves. The brightness differ-
ence between the outermost relativistic image and the oth-
ers packaged at the photon sphere Δm+1,∞ can reach about
−0.8 mag at κ ≈ κa and decrease to about −2.7 mag at
κ ≈ κh, showing that the outermost one is fainter than the
packaged one by at least 2 mag for 1.879 < κ < κh. By
comparison, Δm+1,∞ for the Schwarzschild black hole is
6.8 mag. The brightness difference between the innermost
relativistic image and the packaged one at the photon sphere
Δm−1,∞ monotonically increases from about −1.3 to 2.9
mag, demonstrating that the innermost one is brighter than
the packaged one by at least 2 mag for 1.839 < κ < κh. The
brightness difference between the outermost and innermost
relativistic images Δm+1,−1 is simply Δm+1,∞ − Δm−1,∞
and it indicates the innermost relativistic image is brighter
than the outermost one by at least 2 mag for κ > 1.771
and by almost 5.7 mag at κ ≈ κh. The curve of Δm+1,∞
suggests that if it would have enough angular resolution to
separate the outermost relativistic images from the photon
sphere, the outermost image is fainter than the others pack-
aged altogether by 2 mag and more, making them harder
to detect, while Δm−1,∞ and Δm+1,−1 show the innermost
image is significantly brighter than both the packaged one at
the photon sphere and the outermost one, rendering it a more
promising signature of the ultracompact object to search.

For now, the only available measurement of these observ-
ables is the measured diameter of M87*’s shadow of 42 ± 3
μas [7]. If it is assumed that M87* is the Lee-Wick ultra-
compact object and its measured apparent size of shadow is
determined by its innermost relativistic image, we can esti-
mate a rough and tentative bound on κ as 1.775 ≤ κ ≤ 1.920.
If we further demand that the separation between the inner-
most image and the photon sphere is smaller than the uncer-
tainty of the diameter of the shadow since no individual
inner image is observed, it can narrow the bound down
to 1.775 ≤ κ ≤ 1.855 which leads to 1.31 × 10−13

m−1 ≤ Λ ≤ 1.37 × 10−13 m−1. Note that, instead of κ ,
Λ parametrizes the Modesto–Shapiro theory of gravity so
that even the same constraint on κ can give very different
constraints on Λ since Sgr A* and M87* have completely
different masses. It is also worth mentioning that applying
such a measurement to constrain the ultracompact object has
to be proceeded with caution, because estimating properties
of M87*’s shadow indispensably relies on the rotation of the
central compact object and the general relativistic magneto-
hydrodynamics of plasma around it [12]. Both of them are
absent in this work since the spacetime of a rotating Lee-
Wick ultracompact object is still unknown and the general
relativistic magnetohydrodynamics of plasma is computa-
tionally high-cost and beyond the scope of this work. There-
fore, the bound on κ we have obtained is merely a hint for the
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Fig. 3 The angular observables, the apparent radius of the photon
sphere θ∞ as well as separation between relativistic images s+1,∞,
s∞,−1 and s+1,−1, are shown from top to bottom panels. When appli-
cable, these observables for the ultracompact object (UCO) and for the
Schwarzschild black hole (Sch) are both represented

Lee-Wick ultracompact object and not a genuine constraint
on it.

5 Conclusions and discussion

We study the strong deflection gravitational lensing by the
Lee-Wick ultracompact object and obtain its observables,
including the apparent radius of the photon sphere as well
as the angular separations and the brightness differences
between the relativistic images. Its unique feature is a series
of relativistic images inside the photon sphere, which are
absent for a black hole. By assuming that Sgr A* and M87*
are two ultracompact object s, we show how these observ-
ables change with respect to the UV scale κ belonging to
the domain Da. We find that the apparent radius of the pho-
ton sphere for the Lee-Wick ultracompact object is bigger
than the one for the Schwarzschild black hole with the same
mass and distance. Although the angular separation between

123
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Fig. 4 The magnification-related observables, the brightness differ-
ences between relativistic images Δm+1,∞, Δm−1,∞ and Δm+1,−1,
are shown from top to bottom panels

the outermost relativistic image and the others packaged at
the photon sphere for the Lee-Wick ultracompact object can
reach more than 50 nas at κ ≈ 1.780, which is two times
bigger than the one for the Schwarzschild black hole, it is far
beyond the foreseen technology, not to mention its consid-
erable faintness. In contrast, the angular separation between
the innermost relativistic image and the photon sphere for the
Lee-Wick ultracompact object can increase to several μas
marginally within the current ability and it is much brighter
than both the packaged one at the photon sphere and the out-
ermost one, making it as a very promising signature for the
ultracompact object.

Based on the measured diameter for M87*’s shadow by
EHT [7], a rough and tentative bound on the UV scale
is estimated as 1.775 ≤ κ ≤ 1.855 and 1.31 × 10−13

m−1 ≤ Λ ≤ 1.37 × 10−13 m−1 for the ultracompact object
by assuming that the apparent size of the shadow is deter-
mined by its innermost relativistic image and no individual
inner image can be resolved by the current observation. It
seems that Λ might be too small to pass other tests of Gen-
eral Relativity and it might be expected to be much bigger
than the TeV scale.

Such a Lee-Wick horizonless ultracompact object is a non-
rotating one. Although the observation by EHT disfavors a
irrotational black hole [7], it did not say anything about ultra-
compact object s. Even so, we expect that the rotation of
the Lee-Wick ultracompact object will have an influence on
the shadow; however, a detailed investigation on it has to

wait until the metric of this rotating ultracompact object is
available. Another critical ingredient is the general relativis-
tic magnetohydrodynamics of plasma around the Lee-Wick
ultracompact object, which is important to account for the
asymmetric ring around M87* [11] and is also computation-
ally high-cost. These two absent factors remind that the Lee-
Wick horizonless ultracompact object can not be constrained
in a self-consistent way by making direct use of the observed
M87*’s shadow. This work provides some prediction of its
strong deflection gravitational lensing signals and a hint of
its horizonlessness and ultracompactness. In order to have
a complete picture, more detailed studies about the effects
of its rotation on the weak [104–120] and strong [121–125]
deflection lensing as well as numerical simulations of general
relativistic magnetohydrodynamics of plasma are required.
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