
HAL Id: hal-03171539
https://hal.science/hal-03171539v1

Submitted on 31 Aug 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Test of the Einstein Equivalence Principle near the Galactic
Center Supermassive Black Hole

A. Amorim, M. Bauböck, J.P. Berger, W. Brandner, Y. Clénet, V. Coudé Du Foresto,
P.T. de Zeeuw, J. Dexter, G. Duvert, M. Ebert, et al.

To cite this version:
A. Amorim, M. Bauböck, J.P. Berger, W. Brandner, Y. Clénet, et al.. Test of the Einstein Equivalence Principle
near the Galactic Center Supermassive Black Hole. Phys.Rev.Lett., 2019, 122 (10), pp.101102. ⟨10.1103/Phys-
RevLett.122.101102⟩. ⟨hal-03171539⟩

https://hal.science/hal-03171539v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


 

Test of the Einstein Equivalence Principle near the Galactic Center
Supermassive Black Hole

A. Amorim et al.
*

(GRAVITY Collaboration)

(Received 24 October 2018; published 14 March 2019)

During its orbit around the four million solar mass black hole Sagittarius A* the star S2 experiences
significant changes in gravitational potential. We use this change of potential to test one part of the Einstein
equivalence principle: the local position invariance (LPI). We study the dependency of different atomic
transitions on the gravitational potential to give an upper limit on violations of the LPI. This is done by
separately measuring the redshift from hydrogen and helium absorption lines in the stellar spectrum during
its closest approach to the black hole. For this measurement we use radial velocity data from 2015 to 2018
and combine it with the gravitational potential at the position of S2, which is calculated from the precisely
known orbit of S2 around the black hole. This results in a limit on a violation of the LPI of
jβHe − βHj ¼ ð2.4� 5.1Þ × 10−2. The variation in potential that we probe with this measurement is six
magnitudes larger than possible for measurements on Earth, and a factor of 10 larger than in experiments
using white dwarfs. We are therefore testing the LPI in a regime where it has not been tested before.

DOI: 10.1103/PhysRevLett.122.101102

Introduction.—Since its publication in 1915 general
relativity (GR) has been tested frequently and has so far
passed all experimental tests [1]. Recently there has been an
additional experiment in a new mass regime: For the first
time it was possible to detect both the gravitational redshift
and the transverse Doppler shift of a star moving on an
elliptical orbit through the extreme gradient of the gravi-
tational potential near a supermassive black hole [2]. This
was possible by monitoring the orbit of the star S2 around
the supermassive black hole Sagittarius A* (Sgr A*) over
the last 26 years, see, e.g., Refs. [3–5]. So far all data taken
for this experiment show excellent agreement with the
predictions from GR. This work expands the previous tests
of this experiment by testing the Einstein equivalence
principle (EEP). The EEP states the universality of the
coupling of gravity to matter and energy. Tests of the EEP
are of great importance as many alternative theories of
gravity and theories unifying gravity with other interactions
predict violations of the EEP at high energies [6,7]. The
EEP consists of three main principles: the weak equiv-
alence principle (WEP), the local position invariance (LPI),
and the local Lorentz invariance [1,8]. From those three
principles the local Lorentz invariance is best constrained,
as no violations have been found down to c20=c

2 − 1 <
10−20 [1,9]. It is therefore assumed to be valid for this work,
while the LPI is discussed in the following. The WEP or
universality of free fall is not straightforward to test with
our current approach [10], which is discussed in more detail
in the outlook.

Galactic Center experiment.—Located at the very center
of our galaxy is the bright radio source Sgr A*. The nuclear
star cluster around it has been observed with high-
resolution near-infrared (NIR) speckle and adaptive optics
(AO) assisted imaging and spectroscopy over the past
26 years. This led to orbit determinations for ≈45 individ-
ual stars [3–5,11–17]. These observations have demon-
strated that the gravitational potential is dominated by a
compact object at the center of the cluster. The mass of the
object was measured by [2] to be ð4.10� 0.03Þ × 106 M⊙.
The radio source Sgr A* is coincident with the center of

mass to < 1 marcsec [18], and is itself very compact, with
an upper limit on the radius of 18 μ arcsec, based on very
long baseline interferometry at a wavelength of 1.3 mm
[19–21]. In addition, Sgr A* shows, in comparison to
extragalactic sources, no intrinsic motion [22,23]. This
supports the interpretation that the compact radio source is
coincident with the mass. Orbital motion of the centroids
of the SgrA*’s near-infrared emission during bright “flare
states” suggests that the same mass inferred from the S2
orbit is also contained within 60 to 90 μ as of the mean
position, or near the innermost stable orbit of a 4 × 106

solar mass black hole [24]. This all leads to the conclusion
that Sgr A* is indeed a supermassive black hole [3,25,26].
Of all the stars in the central cluster, the main-sequence B

star S2 is of special interest. With a near-infrared K-band
magnitude of 14.2, S2 is one of the brightest stars in the
innermost region around the black hole. It has an orbital
period of 16.05 yr and has its closest encounter with Sgr A*
at a distance of 16.28 light hours or 14.45 m as. S2 also
appears to be a single star [27–29]. The close encounter*Full author list given at the end of the article.

PHYSICAL REVIEW LETTERS 122, 101102 (2019)
Editors' Suggestion Featured in Physics

0031-9007=19=122(10)=101102(7) 101102-1 © 2019 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.122.101102&domain=pdf&date_stamp=2019-03-14
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1103/PhysRevLett.122.101102
https://doi.org/10.1103/PhysRevLett.122.101102


with Sgr A* and the comparatively short period make it the
best available probe for post-Newtonian effects in the
potential of the supermassive black hole [2]. One thing
one might have to consider is that S2 could come so close to
the black hole that the star’s properties change. However,
the tidal disruption radius [30] of the star S2, based on its
stellar parameters [28], is 100 times smaller than the star’s
periapsis distance. Therefore, we do not expect any strong
tidal interactions between the star and the black hole.
The GRAVITY Collaboration [2] showed that the data

from S2 fulfills the predictions of general relativity when
the gravitational redshift and the relativistic Doppler effect
are taken into account. In Ref. [2] a scaling factor f for the
first order parametrized post-Newtonian corrections (gravi-
tational redshift and Doppler shift) is introduced, where f
is zero for purely Newtonian physics and unity for GR.
The measured f factor of f ¼ 0.90� 0.09jstat � 0.15jsyst is
significantly inconsistent with pure Newtonian dynamics.
The resulting f value is getting more robust with more data
added to the dataset. The same analysis as in Ref. [2],
but with additional data taken between June and
September 2018, reduced the uncertainties in the f value
to f ¼ 0.97� 0.05jstat � 0.05jsyst [31].
Local position invariance.—The main part of this work

focuses on the LPI, which states that local nongravitational
measurements are independent of their location in space-
time. To test this we use the star S2 as it moves on its
eccentric orbit through the gravitational potential of Sgr
A*. A violation of the LPI would imply a coupling of
fundamental atomic constants, such as the fine structure
constant, to the gravitational potential. LPI experiments
can therefore be used to constrain coupling constants of
different atomic properties [7,32]. As such couplings are
expected to be nonlinear it is especially important to
perform such experiments with strong changes in potential.
According to the LPI, the gravitational redshift of a clock

moving through a weak gravitational field (Φ=c2 ≪ 1) with
a varying potential ΔΦ, depends only on the change of the
potential: Δν=ν ¼ ΔΦ=c2, where ν is the clock frequency
and Δν the shift due to the gravitational potential. The
formula implies that the shift in frequency does not depend
on the internal structure of the clock, which is another way
to formulate the LPI. To test this assumption one introduces
a violation to the formula, commonly parametrized as β:

Δν
ν

¼ ð1þ βÞΔΦ
c2

: ð1Þ

To test the LPI with a single type of clock one needs to
compare two identical clocks in different gravitational
potentials. Alternatively, one can measure the frequency
change of two nonidentical clocks moving through a time-
dependent potential ΦðtÞ ¼ Φ0 þ ΔΦðtÞ. In this case a
violation of the LPI would again be visible in the fractional
frequency difference:

Δ
�
Δν
ν

�
¼Δν2

ν2
−
Δν1
ν1

¼ðβ2−β1Þ
ΔΦðtÞ
c2

¼Δβ
ΔΦ
c2

: ð2Þ

By measuring the frequency change of two clocks moving
through a potential one can therefore constrain Δβ.
Such null redshift experiments are regularly done on
Earth using the gravitational potential of the Sun, which
varies over the timescale of a year, due to Earth’s eccentric
orbit, see, e.g., Refs. [33–36]. The annual potential varia-
tion due to this eccentric motion is ΔΦ=c2 ¼ 3.3 × 10−10.
The most stringent limit on a violation of the LPI so far is
given by Ref. [35], from a comparison of hydrogen masers
with rubidium clocks. From this measurement a value of
jβH − βRbj ¼ ð2.7� 4.9Þ × 10−7 is measured. To get to
such a low limit it is necessary to measure the frequency
change of atomic transitions with a precision on the order of
Δν=ν ≈ 10−17. The most stringent astronomical tests of the
LPI were done by a comparison of measured wavelength
shift in white dwarf spectra directly to laboratory wave-
lengths, to get a constraint on variations of the fine structure
constant [37–39]. In the experiments with white dwarfs a
potential difference of approximately 10−5 is reached,
which is much higher than that possible for earthbound
experiments. However, it is still roughly an order of
magnitude lower than the potential difference observed
for S2 orbiting around Sgr A*.
Measurement.—The data for the Galactic center experi-

ment were mainly taken with the European Southern
Observatory’s Very Large Telescope and Very Large
Telescope Interferometer, using the three instruments
NACO [40,41], SINFONI [42,43], and GRAVITY [44].
The NACO images provided the time-dependent 2D pro-
jected positions of the stars in the nuclear star cluster. Those
positions are then calibrated relative to the radio frame of the
Galactic center [45]. The unique astrometric precision of
∼50 μ as obtained with GRAVITY directly adds the 2D
projected separation of S2 and Sgr A* to the data set.
SINFONI then adds spectroscopic measurements of the stars
in order to measure their line-of-sight velocity (for more
details on the data and the data analysis see Ref. [2]). The
combination of the data is then used to fit the full orbit of S2
around the central black hole [2,4]. For this work we use the
S2 orbit [2] to calculate the gravitational potential at the
position of S2. This is done by calculating the Newtonian
potential for the separation dðtÞ between S2 and Sgr A*:
ΦðtÞ ¼ GM=dðtÞ, withM being the mass of the black hole.
For this calculation we can neglect all other stars in the area,
as their masses are negligible in comparison to Sgr A*.
Furthermore, we can use a Newtonian description for the
potential, as the first relativistic correction term would be
from the Schwarzschildmetric, which is so small that it is not
yet relevant for the orbit fit [4,46]. In the three years leading
up to the pericenter passage of S2 around the supermassive
black hole Sgr A*, the gravitational potential experienced by
the star changes by ΔΦ=c2 ¼ 3.2 × 10−4.
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In addition to the gravitational potential [2] the data used
for this work are the K-band (2.0 to 2.5 μm) spectra of S2
obtained with SINFONI. These spectra are used to measure
the line-of-sight velocity of S2. In the K band S2 has two
dominant absorption features: The strongest line is the Brγ
line (hydrogen transition n ¼ 7 − 4) with a vacuum wave-
length of 2.1661 μm. The second feature is the helium line
around 2.1125 μm. This line is not a single feature but a
blend of the He I triplet at 2.1120 μm (3p3P04s3S) and the
He I singlet at 2.1132 μm (3p1P04s1S). The weighting of
the two features depends on the atmospheric parameters
and the rotational velocity of the star [28]. In an individual
spectrum at our resolution they appear as a single feature. In a
typical observation of 1 h the helium and hydrogen feature
can be detected at > 5σ. A combined spectrum with a high
signal-to-noise ratio (SNR) from Ref. [28] is shown in
Fig. 1. On the left shoulder of the hydrogen line is another
helium line at 2.161 μm, which is much weaker than
the hydrogen line (flux ratio of 1 to 4 in the high SNR
spectrum). In an individual dataset this line is just above
the noise level. It is therefore not a dominant feature
and does not influence the velocity measurement from the
hydrogen line.
After extracting the spectrum of S2 from the SINFONI

data, we usually measure the star’s velocity with a combi-
nation of a fit to the Brγ line and a cross correlation of the
whole K-band with the high SNR spectrum shown in Fig. 1
(formore details seeRef. [2]). For thisworkwe use a slightly
different approach. We divide the spectrum into two parts,
one containing the He feature and the other one the Brγ line.
Both parts are individually cross correlated with their
corresponding part of the high SNR spectrum. By doing
this we get two velocities for each spectrum: one from the
helium line and one from the hydrogen line. In other words,
we have a helium and a hydrogen clock moving through the
varying gravitational potential during the pericenter passage
of S2. By measuring the difference in frequency change for
both clocks we are able to give an upper limit on the LPI
violation during the pericenter passage. The values for the
velocity difference ðvHe − vHÞ=c ¼ ΔνHe=νHe − ΔνH=νH

are shown in Fig. 2, together with the gravitational potential
at the position of S2.
The uncertainty of the data points in Fig. 2 is calculated

from several contributions. The first is the calibration error
of the wavelength. During the data reduction the wave-
length calibration of each individual data frame is fine-
tuned by a set of OH lines in the K band. The scatter of the
line position from their expected velocity after the fine
tuning is below 5 km s−1, which is then used as the
uncertainty for the measured wavelength. This is calculated
for each spectrum individually by fitting the atmospheric
OH lines. A second contribution is the uncertainty of the
cross-correlation, determined from the uncertainty of the
cross-correlation peak position. A third error originates
from the extraction of the spectrum. As SINFONI is an
integral field spectrograph the final result of the data
reduction is a 3D cube, where two dimensions are the
image axes and the third is the spectrum for each pixel. To
get a spectrum of a star one has to select the source and
background pixels in the image plane. This is the source of
a third uncertainty as different masks can lead to slightly
different results in the velocity. We account for this by
calculating the velocity from different reasonable masks
and use the scatter in the result as an estimate of
uncertainty. The uncertainty of one velocity measurement
is then the quadratic sum of these three contributions. This
is done for Brγ and He I individually. The final value used
in this analysis is then the difference of the two velocities
with the quadratic sum of the uncertainties. This might
slightly overestimate the error as the calibration error
should be the same for both measurements, but is
accounted for twice. However, this does not have a big
influence as it is the least dominant error source.
To get an upper limit on the LPI violation we use Eq. (2)

to fit the potential to the data points shown in Fig. 2. In the
fit Δβ ¼ βHe − βH is left as a free parameter. The fitted
value of Δβ is

FIG. 1. High signal-to-noise spectrum of the star S2 in the
astronomical K band. The spectrum has been produced by
combining data from 12 years of observations (adapted from
Ref. [28]).

FIG. 2. Difference in frequency change for the helium and the
hydrogen line as red dots. The dimensionless gravitational
potential is shown as a dashed black line. The solid black line
shows ΔβΔΦ=c2, where Δβ is fitted to the data. The gray area
shows the 3 sigma values from the fit.
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Δβ ¼ jβHe − βHj ¼ ð2.4� 5.1Þ × 10−2: ð3Þ

Where the given error is the 1σ confidence interval of the
fit. We can place an upper limit on the violation of the LPI
in the strong gravitational field of the supermassive black
hole of Δβ ≤ 5 × 10−2. The result is consistent with
Δβ ¼ 0. The fit is shown together with the data in
Fig. 2. The χ2 analysis of the fit shows a reduced χ2 of
0.91. In comparison, β ¼ 0 results in a χ2red of 0.89. Under
the assumption that the χ2 distribution is approximately
Gaussian it has a variance of σ ¼ ffiffiffiffiffiffiffiffiffi

2=N
p ¼ 0.22. Therefore

both values for χ2red lie within the one sigma range of
χ2red ¼ 1 and the χ2red values cannot be used to distinguish
between the models.
While our result is not competitive with current experi-

ments on Earth, the change in gravitational potential expe-
rienced by S2 on its orbit from early 2015 to its pericenter
passage in May 2018 is ΔΦ=c2 ¼ 3.2 × 10−4. This is a
regime which has not been reached by any other experiment
and we therefore test the LPI at a potential difference which
has not been tested before this work (see Fig. 3) [1].
As mentioned in the introduction, a violation of the LPI

would imply a coupling of fundamental atomic constants to
the gravitational potential. Atomic clock measurements are
therefore used to constrain coupling constants of different
atomic properties [7]. This can, e.g., be done for the coupling
of the fine structure constant α [36] or for the electron-to-
protonmass ratiome=mp and the ratio of the light quarkmass
to the quantum chromodynamics length scale [35]. In
principle, one could also use our measurement of β to
constrain these coupling constants. However, a single

measurement of Δβ is not sufficient for that. One can
overcome this by combining different measurements from
different atomic species [35], or by using computational
techniques to calculate the relativistic perturbation of the
energy levels for the observed transitions [36]. In the present
case, the S2 helium absorption line is a doublet and the
transitions are not isolated enough that a specific model of
the transition would yield further information. We therefore
cannotmake any further statements than the pure limit on the
violation of the LPI.
Outlook.—This measurement demonstrates that the

data from stars orbiting a black hole can be used for testing
the LPI. Looking forward this also opens possibilities for the
next pericenter passage of S2 in 2034. At that point the
Extremely Large Telescope (ELT) will be fully operational.
With a telescope diameter of more than 4 times the one from
the VLT, the ELTwill collect more than 20 times more light.
The first light instrument MICADO [58] will include a slit
spectrograph with a resolving power of R ≥ 10 000. This is
more than 6 times higher thanwhatwe currently achievewith
SINFONI (R ¼ 1500 in the used mode). One can therefore
use the ELT tomeasure S2’s spectrumwith higher resolution
and with higher SNR. This would allow a velocity meas-
urement of S2 in the H band, which currently has a too low
SNR for velocitymeasurements from individual data frames.
In the H band there is a narrow helium line (He I at
1.7002 μm) as well as a series of hydrogen lines [28], which
can be used to significantly improve the velocity measure-
ment. Unlike hydrogen, the He lines are not sensitive to the
stellar pressure broadening, providing sharper atomic lines to
measure the velocity with high accuracies.
With the high sensitivity of the ELT it is also possible

to make the same measurement for fainter late type (K and
M type) stars. The infrared spectrum of these stars shows
several sharp metal lines, including different isotopes, as
well as series of rotational-vibrational bands of CO
molecule [59]. With a high resolution spectrograph such
as the planned HIRES [60], with a resolving power of R ¼
130 000 and a very high calibration accuracy a velocity
measurement of the order of m s−1 would be possible. This
would allow a measurement of Δν=ν in the order of 10−8.
For a star on a similar orbit as S2 this would translate in a
factor of 104 more restrictive limit on the LPI and velocities
from different atoms could be used to directly constrain
coupling parameters. Interesting stars for this are, e.g., S21
or S38, which are both in a comparably short orbit around
SgrA* (37 and 19 yr, see Ref. [5]), or even fainter stars in
closer orbits which might be discovered with the ELT.
This would also open the possibility to test the third part of

the EEP, the WEP, also known as universality of free fall. It
states that inertial and gravitational mass are equivalent. In
principle, one can use a gravitational redshift experiment to
test the WEP, under the assumption that special relativity is
fully valid [61]. However, in order to do so one has to
precisely know the gravitational field, as otherwise a

FIG. 3. Comparison of selected tests of the LPI with gravita-
tional redshift. Plotted is the variation in potential, which is tested
against the measured limit on a violation. The different symbols
mark the Pound-Rebka-Snider experiments [47,48], tests from
solar spectral lines [49–51], tests on rockets and spacecrafts
[52–54], and null redshift experiments [33,35,55–57]
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violation could be absorbed as a constant factor in the
gravitational potential. A solution for this could be to use
different stars around SgrA*. In this case one star can be used
to test theWEP and the others tomeasure themass of Sgr A*
separately [10]. At the moment this would be a rather
imprecise measurement, as the current best mass measure-
ment of Sgr A* is from S2 itself. This is a problem which is
very likely to be solved with future observations and
facilities. One solution would be the discovery of a star in
closer orbit around SgrA*, either with GRAVITY [62] or the
ELT.The combinationof S2 and a closer star can thenbeused
tomeasure themass of SgrA* and test theWEP individually.
However, even without a star on a very close orbit, the ELT
will allow more precise measurements of the already
observed orbits of S stars. With better orbit measurement
of other close S stars, such as S38, one can then test theWEP.
Conclusion.—With this Letter we continued the analysis

of the data presented by the GRAVITY Collaboration [2] to
give constraints on the LPI. We used the helium and
hydrogen transitions in the spectrum of S2 as individual
clocks, to give a constraint on a violation of the LPI. The
results are consistent with the LPI and give an upper limit to
a violation of 5 × 10−2. This limit is in absolute numbers
less stringent than the current most precise tests [35]. Our
experiment, however, tests the LPI close to a central black
hole with 4 × 106 solar masses, in a potential which is 106

times larger than accessible to terrestrial experiments. It is
currently the most extreme test of the LPI and is fully
consistent with it.
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5 place Jules Janssen, 92195 Meudon, France
3Max Planck Institute for Astronomy, Königstuhl 17, 69117 Heidelberg, Germany

41st Institute of Physics, University of Cologne, Zülpicher Strae 77, 50937 Cologne, Germany
5Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France

6Universidade de Lisboa—Faculdade de Ciências, Campo Grande, 1749-016 Lisboa, Portugal

PHYSICAL REVIEW LETTERS 122, 101102 (2019)

101102-6

https://doi.org/10.3847/1538-4357/aa876f
https://doi.org/10.3847/1538-4357/aaa3eb
https://doi.org/10.1038/254295a0
https://doi.org/10.1142/S0217751X07038293
https://doi.org/10.1103/PhysRevLett.98.070802
https://doi.org/10.1103/PhysRevLett.98.070802
https://doi.org/10.1134/S0202289311010026
https://doi.org/10.1134/S0202289311010026
https://doi.org/10.1103/PhysRevA.87.010102
https://doi.org/10.1103/PhysRevD.95.015019
https://doi.org/10.1103/PhysRevD.95.015019
https://doi.org/10.1103/PhysRevLett.111.010801
https://doi.org/10.1103/PhysRevA.88.052517
https://doi.org/10.1103/PhysRevA.88.052517
https://doi.org/10.3390/universe3020034
https://doi.org/10.1117/12.317287
https://doi.org/10.1117/12.321686
https://doi.org/10.1117/12.321686
https://doi.org/10.1117/12.459468
https://doi.org/10.1117/12.459468
https://doi.org/10.1051/0004-6361/201730838
https://doi.org/10.1051/0004-6361/201730838
https://doi.org/10.1086/511744
https://doi.org/10.1016/j.physrep.2005.08.002
https://doi.org/10.1103/PhysRevLett.3.439
https://doi.org/10.1103/PhysRevLett.3.439
https://doi.org/10.1103/PhysRev.140.B788
https://doi.org/10.1103/PhysRevLett.28.853
https://doi.org/10.1086/170323
https://doi.org/10.1086/170323
https://doi.org/10.1086/110889
https://doi.org/10.1007/BF00759854
https://doi.org/10.1007/BF00759854
https://doi.org/10.1103/PhysRevLett.64.1322
https://doi.org/10.1103/PhysRevLett.64.1322
https://doi.org/10.1103/PhysRevD.27.1705
https://doi.org/10.1103/PhysRevD.51.319
https://doi.org/10.1103/PhysRevD.51.319
https://doi.org/10.1103/PhysRevD.65.081101
https://doi.org/10.1117/12.2233047
https://doi.org/10.1117/12.2233047
https://doi.org/10.1086/313020
https://doi.org/10.1086/313020
https://doi.org/10.1117/12.2231653
https://doi.org/10.1117/12.2231653
https://doi.org/10.1119/1.1935800
https://doi.org/10.1093/mnras/sty476


7Faculdade de Engenharia, Universidade do Porto, rua Dr. Roberto Frias, 4200-465 Porto, Portugal
8European Southern Observatory, Casilla 19001, Santiago 19, Chile

9Sterrewacht Leiden, Leiden University, Postbus 9513, 2300 RA Leiden, Netherlands
10Departments of Physics and Astronomy, Le Conte Hall, University of California, Berkeley, California 94720, USA

11School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel
12Max Planck Institute for Radio Astronomy, Auf dem Hügel 69, 53121 Bonn, Germany

13CENTRA—Centro de Astrofísica e Gravitação, IST, Universidade de Lisboa, 1049-001 Lisboa, Portugal
14Center for Computational Astrophysics, Flatiron Institute, 162 5th Ave., New York, New York 10010, USA

†Corresponding author.mhabibi@mpe.mpg.de
‡Corresponding author.fwidmann@mpe.mpg.de

PHYSICAL REVIEW LETTERS 122, 101102 (2019)

101102-7


