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It has been proposed that the supermassive black hole candidates at the centers of galaxies might be

wormholes formed in the early Universe and connecting our Universe with other sister universes.

The analysis of the profile of the relativistic K� iron line is currently the only available approach to

probe the spacetime geometry around these objects. In this paper, we compute the expectedK� iron line in

somewormhole spacetimes and we compare the results with the line produced around Kerr black holes. The

line produced in accretion disks around nonrotating or very slow-rotating wormholes is relatively similar to

the one expected around Kerr black holes with mid or high value of spin parameter and current observations

are still marginally compatible with the possibility that the supermassive black hole candidates in galactic

nuclei are these objects. Forwormholeswith spin parametera� * 0:02, the associatedK� iron line is instead

quite different from the one produced aroundKerr black holes, and their existencemay already be excluded.
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I. INTRODUCTION

Nowadays, we have strong observational evidence that
the center of every normal galaxy harbors a dark compact
object with a massM� 105–109M� [1]. While we believe
that all these supermassive objects are the Kerr black holes
(BHs) predicted by general relativity, their actual nature
has still to be verified [2,3]. Dynamical measurements can
provide robust estimates of the masses of these bodies.
Combining these results with an upper bound for their
radius, it turns out that these objects are too heavy, com-
pact, and old to be clusters of nonluminous bodies [4]. The
nonobservation of thermal radiation emitted by the puta-
tive surface of the BH candidate at the center of our Galaxy
may also be interpreted as an indication that the latter has
an event horizon and is therefore a BH [5] (see however
Ref. [6]). Nevertheless, the exact origin of these objects is
not clear: we do not understand how they could have
become so heavy in such a short time, as we know BH
candidates with a mass M� 109M� at redshift z * 6 [7],
i.e., just about 100 million years after the big bang.

A speculative possibility is that supermassive BH can-
didates are wormholes, topological connections between
separated regions of the spacetime [8]. They may be relics
of the early Universe and may connect either two different
regions in our Universe or two different universes in a
multiverse model. Such a scenario may also explain the
nonobservation of thermal radiation, as wormholes do not
have a surface. The possibility of the existence of worm-
holes cannot be ruled out by general arguments; it is not in
contradiction with current observations, and the search for
astrophysical wormholes could represent a unique oppor-
tunity to investigate a multielement Universe.

Some authors have already discussed possible ways to
observationally distinguish a Kerr BH from a wormhole

[9,10]. However, previous work has never considered the
analysis of the K� iron line, which is currently the only
available technique to probe the geometry of the spacetime
around supermassive BH candidates [11].1 The K� iron
line is intrinsically narrow in frequency, while the one
observed appears broadened and skewed. The interpreta-
tion is that the line is strongly altered by special and
general relativistic effects, which produce a characteristic
profile first predicted in Ref. [15] and then observed for the
first time in the ASCA data of the Seyfert 1 galaxyMCG-6-
30-15 [16]. In this paper, we will use the code discussed in
Refs. [13,17] to compute the profile of the K� iron line
produced around traversable wormholes and seen by a
distant observer. We will then compare these lines with
the ones produced from Kerr spacetimes, to check how this
technique can test the wormhole nature of the supermas-
sive BH candidates in galactic nuclei.

II. PROFILE OF THE K� IRON LINE

The X-ray spectrum of both stellar-mass and supermas-
sive BH candidates is usually characterized by the presence
of a power-law component. This feature is commonly
interpreted as the inverse Compton scattering of thermal
photons by electrons in a hot corona above the accretion
disk. The geometry of the corona is not known and several
models have been proposed. Such a ‘‘primary component’’
irradiates also the accretion disk, producing a ‘‘reflection
component’’ in the X-ray spectrum. The illumination of the
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1The other popular approach currently available to get infor-
mation on the metric around BH candidates is the continuum-
fitting method [12–14], i.e., the analysis of the disk’s thermal
spectrum. The continuum-fitting method can be applied only to
stellar-mass objects: the disk’s temperature scales as M�0:25 and
for supermassive BH candidates the spectrum falls in the UV
range, where dust absorption makes accurate measurements
impossible.

PHYSICAL REVIEW D 87, 084039 (2013)

1550-7998=2013=87(8)=084039(8) 084039-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevD.87.084039


cold disk by the primary component also produces spectral
lines by fluorescence. The strongest line is the K� iron line
at 6.4 keV. Especially for some sources, this line is extra-
ordinarily stable, in spite of a substantial variability of the
continuum. This fact suggests that its shape is determined by
the geometry of the spacetime around the compact object.

The profile of the K� iron line depends on the back-
ground metric, the geometry of the emitting region, the
disk emissivity, and the disk’s inclination angle with re-
spect to the line of sight of the distant observer. In the Kerr
spacetime, the only relevant parameter of the background
geometry is the spin a� ¼ J=M2, whileM sets the length of
the system, without affecting the shape of the line. In those
sources for which there is indication that the line is mainly
emitted close to the compact object, the emission region
may be thought to range from the radius of the innermost
stable circular orbit (ISCO), rin ¼ rISCO, to some outer
radius rout. However, even more complicated geometries
are possible. In principle, the disk emissivity could be
theoretically calculated. In practice, that is not feasible at
present. The simplest choice is an intensity profile Ie / r�

with index �< 0 to be determined during the fitting pro-
cedure. The fourth parameter is the inclination of the disk
with respect to the line of sight of the distant observer, i.
The dependence of the line profile on a�, i, �, and rout in
the Kerr background has been analyzed in detail by many
authors, starting with Ref. [15]. The case of deviations
from the Kerr geometry is discussed in Ref. [17].

Roughly speaking, the calculation of the profile of the
K� iron line goes as follows. We want to compute the
photon flux number density measured by a distant ob-
server, which is given by

NEobs
¼ 1

Eobs

Z
IobsðEobsÞd�obs ¼ 1

Eobs

Z
g3IeðEeÞd�obs:

(1)

Iobs and Eobs are, respectively, the specific intensity of the
radiation and the photon energy as measured by the distant
observer, d�obs is the element of the solid angle subtended
by the image of the disk on the observer’s sky, Ie and Ee

are, respectively, the local specific intensity of the radiation
and the photon energy in the rest frame of the emitter, and
g ¼ Eobs=Ee is the redshift factor. Iobs ¼ g3Ie follows from
the Liouville’s theorem. As the K� iron line is intrinsically
narrow in frequency, we can assume that the disk emission
is monochromatic (the rest frame energy is EK� ¼
6:4 keV) and isotropic with a power-law radial profile:

IeðEeÞ / �ðEe � EK�Þr�: (2)

Doppler boosting, gravitational redshift, and frame drag-
ging are encoded in the calculation of g, while the light
bending enters in the integration. More details can be
found in Ref. [17].

The purpose of this paper is to study how the K� iron
line observed in the X-ray spectrum of some supermassive

BH candidates in galactic nuclei can test the wormhole
nature of these objects. A large number of wormhole
spacetimes have been proposed in the literature [8]. Here,
we restrict our attention to traversable wormholes with the
line element given by [10,18]

ds2 ¼ �e2�dt2 þ dr2

1� b
þ r2½d�2 þ sin 2�ðd��!dtÞ2�;

(3)

where� and b are, respectively, the redshift and the shape
function,2 which, in the general case, may depend on both r
and �. ! determines the wormhole angular momentum. In
what follows, we will assume� ¼ �r0=r and! ¼ 2J=r3,
where r0 is the throat radius and sets the scales of the
system, just like the gravitational radius rg ¼ M does the

same for the Kerr background. J is the wormhole spin
angular momentum. The shape function considered in
this work has the following form:

b ¼
�
r0
r

�
�
; (4)

where � is a constant.
The profile of the K� iron line produced in the accretion

disk around wormholes with � ¼ 1 and different values of
a� ¼ J=r20 is reported in the left panel of Fig. 1. The choice
of the value of �, and more in general of the form of grr,
changes only the calculation of the photon trajectories, and
therefore the effect of light bending, without altering the
redshift factor g. The astrophysical parameters are i ¼ 45�,
� ¼ �3, and rout ¼ rISCO þ 100r0. For the reader familiar
with the profile of the K� iron line produced around Kerr
BHs, it is straightforward to realize that the line of non-
rotating and very slow-rotating wormholes looks similar to
the one of mid- or fast-rotating Kerr BHs (see e.g., Fig. 1 in
Ref. [17]). The line of wormholes with slightly higher spin
has instead a peculiar low energy bump/peak, absent in the
Kerr case. Such a peak moves to higher energies as the
wormhole spin increases. The basic properties of the lines in
these wormhole spacetimes and the differences with the
Kerr ones can be understood in terms of ISCO radius and
angular velocity of equatorial circular orbits.
As already discussed in Ref. [10], in these spacetimes

rISCO ¼ 2r0 for a� ¼ 0 and decreases regularly to rISCO ¼
1:29r0 for a� ¼ 0:016693. For higher values of the spin,
equatorial circular orbits are always stable, and therefore
the inner radius of the disk is at r0. This behavior should be
compared with the one around a Kerr BH, noting that r0
plays the role of M. In Kerr, rISCO ¼ 6M for a� ¼ 0 and
decreases regularly as the spin parameter increases, till
rISCO ¼ M for a� ¼ 1. For instance, rISCO ¼ 2M when
a� � 0:943. This explains the low energy tail in the
wormhole line: even for nonrotating or very slow-rotating

2The reader should note that the shape function is sometimes
defined in a different way in the literature of wormholes.
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wormholes, the inner edge of the disk is at very small
radii and therefore the line is affected by a strong gravita-
tional redshift.

The low energy bump in the wormhole line, which be-
comes a pronounced peak when a� * 0:2, is also generated
at very small radii. This can be easily checked by calculat-
ing the contribution of the photons emitted at small radii;
see Fig. 2. The high Doppler boosting is a consequence of
the quick increase of the Keplerian angular velocity�. The
right panel of Fig. 1 shows� for aKerrBHwith spina� ¼ 1
and for some traversable wormholes. For low and mid
values of a�, at radii r > 2r0 the angular velocity in worm-
hole spacetimes is quite independent of the wormhole spin
and it is lower than the Kerr one. In such spacetimes, the
wormhole spin plays an important rolewhen r < 2r0, and�
increases quickly as the radius decreases. The angular
velocity can exceed the maximum angular velocity of the
Kerr background �Kerr;max ¼ 1=ð2MÞ. The peak moves to

higher energy as thewormhole spin increases, as the angular
velocity at small radii also increases. If the value of the
wormhole spin is high (e.g., a� ¼ 1), the peak produced by
the Doppler boosting at small radii may be confused with
the one of a Kerr BH produced at larger radii (see the right

panel in Fig. 2). However, in this case the wormhole line
presents also a high energy tails, completely absent when
the compact object is a Kerr BH.
If we change the value of the parameter � in Eq. (4), we

only affect the propagation of the photons from the disk to
the observer, without altering the redshift factor, which
does not depend on grr. Figure 3 shows the expected K�
iron line for traversable wormholes with � ¼ 2 (left panel)
and 1=2 (right panel). The qualitative properties of the line
are the same of the case � ¼ 1. The line produced around
nonrotating or very slow-rotating wormholes has the low
energy tail similar to one expected from mid- or fast-
rotating Kerr BHs. For slightly larger values of a�, the
line presents the low energy peak due to the gravitational
redshift and Doppler blueshift at small radii. The limiting
cases of very large and very small� can be understood from
the panels in Fig. 4. The left panel shows the case � ¼ 100
and it is qualitatively very similar to the previous ones.
Indeed, here the propagation of the photon is altered only
in a very small region close to the wormhole throat (r0=r is
always smaller than 1). The right panel in Fig. 4 shows the
opposite case, of very small�, specificallywith� ¼ 1=100.
Now the propagation of photons is altered even at large radii
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FIG. 1 (color online). Left panel: Broad K� iron line in wormhole backgrounds with � ¼ 1 and different values of the spin
parameter a�. The astrophysical parameters are viewing angle i ¼ 45�, intensity profile with index � ¼ �3, and emissivity region
with inner radius rin ¼ rISCO and outer radius rout ¼ rISCO þ 100r0. Right panel: Angular frequency of equatorial circular orbits as a
function of the radial coordinate r for the wormhole spacetimes with � ¼ 1 and a� ¼ 0:1, 0.2, 0.3, 0.4, and 1, and the Kerr background
with a� ¼ 1. See the text for details.
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FIG. 2 (color online). K� iron line in wormhole backgrounds with � ¼ 1, a� ¼ 0:3 (left panel) and 1 (right panel), viewing angle
i ¼ 45�, intensity profile with index � ¼ �3, and emissivity region with inner radius rin ¼ rISCO and outer radius rout ¼ rISCO þ
100r0. The blue dashed line shows the contribution of the photon emitted in the region of the disk from the inner radius to rISCO þ r0.
The magenta dotted line shows the one from the inner radius to rISCO þ 5r0.
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and the final effect is to significantly change the low energy
peak, which becomes a small bump around 4 keV, quite
independently of the value of the spin (the two peaks at
�6 keV and�7 keV are instead the result, respectively, of
the Doppler redshift and blueshift at larger radii).

III. DISCUSSION

The analysis of the K� iron line is commonly used to
estimate the spin parameter of a BH candidate, under the
assumption that the geometry of the spacetime around the
object is described by the Kerr solution. The measurements
reported in the literature of the supermassive BH candi-
dates are shown in Table I. Roughly speaking, there are
three objects that seem to be very fast-rotating Kerr BHs
(a� > 0:98), and five objects that are consistent with Kerr
BHs with a mid value of the spin parameter (a� � 0:6–0:8).

What happens if the supermassive BH candidates are
wormholes but we assume they are Kerr BHs and we try to
estimate their spin parameter? Can a wormhole be con-
fused with a Kerr BH of different spin? A qualitative
answer to these questions has been already provided in
the discussion in the previous section, but here we want to
be more quantitative. We can compare the expected K�
iron line from a wormhole spacetime with the ones from

Kerr BHs. We use the same approach of Ref. [17] and we
define the reduced �2 as

�2
redða�; i;�;routÞ

¼�2

n
¼ 1

n

Xn
i¼1

½NKerr
i ða�; i;�;routÞ�NWH

i ð~a�;~i; ~�;~routÞ�2
�2

i

;

(5)

where the summation is performed over n sampling ener-
gies Ei and NKerr

i and NWH
i are the normalized photon

fluxes in the energy bin ½Ei; Ei þ �E� respectively for
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FIG. 3 (color online). Broad K� iron line in wormhole backgrounds with � ¼ 2 (left panel) and � ¼ 1=2 (right panel) for different
values of the spin a�. The astrophysical parameters are viewing angle i ¼ 45�, intensity profile with index � ¼ �3, and emissivity
region with inner radius rin ¼ rISCO and outer radius rout ¼ rISCO þ 100r0. See the text for details.

TABLE I. Current measurements of the spin parameter of
supermassive BH candidates with the analysis of theK� iron line.

AGN a� References

MGC-6-30-15 >0:98 [19]

Fairall 9 0:65� 0:05 [20,21]

SWIFT J2127:4þ 5654 0:6� 0:2 [22]

1H 0707-495 >0:98 [23]

Mrk 79 0:7� 0:1 [24]

NGC 3783 >0:98 [25]

Mrk 335 0:70� 0:12 [21]

NGC 7469 0:69� 0:09 [21]
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the Kerr and the wormhole metric. Here the error �i is
assumed to be 15% the normalized photon flux NWH

i ,

�i ¼ 0:15NWH
i ; (6)

which is roughly the accuracy of current observations in
the best situations. For the calculation of NKerr

i , we use the
general form of the Kerr metric

ds2¼
�
1�2mr

�

�
dt2þ4amrsin2�

�
dtd���

�
dr2

��d�2�sin2�

�
r2þa2þ2a2mrsin2�

�

�
d�2; (7)

where a¼J=M, � ¼ r2 þ a2cos 2�, and � ¼ r2 � 2mrþ
a2, so both Eqs. (3) and (7) are valid for arbitrary values of
the spin parameter (but for the Kerr metric it makes sense
to consider only the case ja�j 	 1).

Let us start considering a wormhole background with
� ¼ 1. In this simplified analysis, we assume � ¼ ~� and
rout ¼ ~rout. The reduced �2 for wormholes with spin
parameter ~a� ¼ 0, 0.015, 0.02, and 0.3 and viewing angle
~i ¼ 45� is shown in Fig. 5. The values of a� and i at the

minimum of the reduced �2 are reported in Table II. The
minimum of �2

red is at a viewing angle i slightly lower than
~i because the wormhole angular frequency at large radii is
lower than the Kerr one and the high energy peak of the
line is produced by the Doppler blueshift at relatively large
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FIG. 5 (color online). Reduced �2 from the comparison of the profile of the K� iron line produced in a Kerr spacetime with spin
parameter a� and observed with a viewing angle i and the line generated in a wormhole background with � ¼ 1, spin parameter ~a� ¼ 0
(top left panel), 0.015 (top right panel), 0.02 (bottom left panel), and 0.3 (bottom right panel), and observed with a viewing angle
~i ¼ 45�. The intensity profile has index � ¼ ~� ¼ �3 and the emissivity region has an inner radius at the ISCO and rout � rISCO ¼
~rout � ~rISCO ¼ 100r0. See the text for details.

TABLE II. Minimum of the reduced �2 and the corresponding
Kerr values of a� and i for the lines produced by wormholes with
� and ~a� given in the first and second column, and ~i ¼ 45�. See
the text for more details.

� ~a� �2
red;min a� i

1 0 1.31 0.84 43.2�

1 0.015 1.62 0.96 43.4�

1 0.02 3.43 1 43.2�

1 0.3 5.69 0.98 42.6�

2 0 0.90 0.84 43.2�

2 0.02 2.87 1 43.2�

1=2 0 2.06 0.84 42.4�

1=2 0.02 2.79 1 42.8�

1=100 0 2.27 0.72 40.0�

1=100 0.4 5.64 0.70 40.0�
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radii. For nonrotating or very slow-rotating wormholes
(~a� ¼ 0 and 0.015), the minimum of �2

red is around 1,

which means that these lines may well fit the ones expected
for a Kerr BH, providing, however, a completely wrong
estimate of the spin a�. Indeed, a� is in the range 0.84–1.
Such a value of the spin parameter is marginally consistent
with the current measurements shown in Table I. For a� ¼
0:02, the fit is already quite bad, as the minimum of �2

red is�3 (bottom left panel in Fig. 5). As the wormhole spin
increases, the fit becomes worse and worse. If ~a� ¼ 0:3,
the minimum of �2

red is �5 (bottom right panel in Fig. 5).

For high values of the wormhole spin, e.g., a� ¼ 1,
the peak produced by Doppler boosting at small radii
may look like the one of a Kerr BH. However, as already
pointed out in the previous section, there is now a high
energy tail absent in the Kerr line. The fit is therefore
bad: for instance, if a� ¼ 1, the minimum of �2

red is �8.
While a rigorous analysis would require us to consider real
data of specific sources, the fact that current X-ray data
give good fits when the Kerr metric is assumed and that
already for a� * 0:02 we find �2

red;min > 3 can be used to

conclude that rotating wormholes with a moderate value of
the spin parameter may already be ruled out as candidates

to explain the supermassive objects at the centers of
galaxies.
For a different value of �, the situation is similar (except

for very small values of �), as shown in Figs. 6 and 7.
Nonrotating wormholes with higher values of � seem to
produce spectra more similar to the one expected from
Kerr BHs. When � is very small, one finds contour plots
like the ones in Fig. 8 (some caution in the interpretation of
these plots is necessary here, as �2

red;min is for i < 40�, but
from the contour plots of the previous cases, it is straight-
forward to guess the behavior for lower angles). Despite
the quite different line for very low values of �, for non-
rotating wormholes we still find marginally acceptable fits,
while for rotating wormholes the fits are bad.
As a final remark, we can note that the K� iron line

analysis can also be used to test the nature of stellar-mass
BH candidates and verify if they are Kerr BHs or travers-
able wormholes, even if the possibility of the existence of
stellar-mass traversable wormholes seems to be less theo-
retically motivated. The iron line approach cannot instead
be used to probe the geometry of the spacetime around
stellar-type compact objects like neutron stars, as in this
case the inner edge of the accretion disk is determined by
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FIG. 6 (color online). As in Fig. 5, for the case � ¼ 2. The spin parameters are ~a� ¼ 0 (left panel) and 0.02 (right panel).
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the magnetosphere, rather than by the background metric,
and it is at larger radii.

IV. SUMMARYAND CONCLUSIONS

It has been proposed that the supermassive objects at the
centers of galaxies may be wormholes formed in the early
Universe and connecting either our Universe with other
universes, or two different regions of our Universe. The
wormhole paradigm may explain the observations of very
massive objects already at high redshift, as well as the non-
observation of thermal radiation from the putative surface
of these objects. In this paper, we have investigated how
the analysis of the profile of the K� iron line can test the
wormhole nature of the supermassive BH candidates. While
observational tests to distinguish wormholes from Kerr BHs
have already been discussed by other authors, the K� iron
line approach has never been considered so far, despite the
fact that it is currently the only available technique to probe
the spacetime geometry around these objects.

The traversable wormholes discussed in this paper have
the line element given in Eq. (3). Their most important
feature is that the ISCO radius is close to the wormhole
throat already in the nonrotating case. The radiation emit-
ted in the inner part of the accretion disk is thus strongly
redshifted. This leads to a low energy tail in the line seen
by a distant observer similar to the one of a Kerr BH with a
mid or high value of a�. Already for very moderate values
of the wormhole spin parameter, the angular velocity of

equatorial circular orbits increases quickly at small radii,
producing a low energy peak in the observed line. Such a
feature is not present in the case of Kerr BHs and thus
represents an important observational signature of rotating
wormholes. However, a similar feature has never been ob-
served in the X-ray spectrum of BH candidates. A more
quantitative analysis of the comparison of the line expected
from a wormhole with the one expected from a Kerr BH
confirms this picture; see Figs. 5–8. Nonrotating or very
slow-rotating wormholes may be confused with mid- or
fast-rotating Kerr BHs by current observations (but with
future more accurate observations we should be able to
distinguish the two cases). The wormholes with slightly
higher value of the spin parameter are distinguishable
fromKerrBHs by current observations and theymay already
be ruled out. This conclusion is based on the fact that current
analysis of the K� iron lines of some supermassive BH
candidates produce good fits (�2

red;min � 1) when the Kerr

background is assumed [19–25]. The study presented in this
work does not exclude all the rotating wormholes, but only
the one with the line element given by Eq. (3). For instance,
for wormholes traversable in only one direction, the outside
geometry may be the same as the one of Kerr BHs [26].
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