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Abstract
Gravitational redshift (GRS) is the phenomenon that a photon loses 
its energy when traveling up through a gravitational potential, hence 
causing the wavelength of the photon to increase (redder). GRS is a 
simple consequence of the equivalence principle, also predicted by 
general theory of gravity, and has been tested by both laboratory 
experiments and observations. In this talk, we consider the GRS 

effect on cosmological scales. Making use of the fact that the GRS 
effect can break statistical isotropy, we show that the GRS effect on 

large-scale galaxy distribution is detectable with high statistical 
significance via upcoming galaxy surveys, thus serving as a 

fundamental test of gravity in cosmology.



Plan of talk
Gravitational redshift effects on the observed large-

scale structure via upcoming galaxy surveys
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Gravitational redshift (GRS) effect
Energy loss of photon when it travels up through gravitational 
potential well

(c.f.  Doppler shift)
shift of frequency to decrease

Δν
ν0

= ΔΦ
c2

ΔΦ ≡ Φ(0) − Φ(∞) < 0

Gravitational Potential

Gravitational redshift

photon

Φ(0)

Φ(∞)

GRS has been predicted even before general relativity as a 
simple consequence of equivalence principle

Observing GRS is an important classical test of general relativity



Pound-Rebka experiment
1st Laboratory experiment in 1959

Making use of Mössbauer effect,

G. Rebka

h=22.5 m

Pound & Rebka, PRL4, 337 (’60)

Measurement of gravitational red-/blue-
shifts caused by the Earth gravitational field

Pound & Rebka measured frequency shift of 
57Fe γ-ray launching upward/downward:

Δν
ν0 red

− Δν
ν0 blue

= − 2 gh
c2 ≃ − 4.92 × 10−15

Source or 
detector

Source or detector 
@ roof of building

γ-ray

R. V. Pound Phys. perspect.256

Fig. 6. The author in the control room on the second floor of Jefferson Physical Laboratory.
Photograph taken in January 1960 by the Harvard News Office.

foil in an effort to reduce the effects of sun and night cold, but the room was not
heated. It was a very cold night, and the penthouse where the source unit (figure 5),
mounted on an hydraulic piston for calibration purposes was situated for the initial
run, was worrisomely cold. There was a very definite change in the asymmetry
measurement with that first inversion, of the correct sense, and we were quite
encouraged.

R. Pound

Pound, Phys. Perspect. 2 (’00) 224



GRS at Galactic center

Andrea Ghez
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Relativistic redshift of the star S0-2
orbiting the Galactic Center
supermassive black hole
Tuan Do1*, Aurelien Hees2,1, Andrea Ghez1, Gregory D. Martinez1, Devin S. Chu1,
Siyao Jia3, Shoko Sakai1, Jessica R. Lu3, Abhimat K. Gautam1, Kelly Kosmo O’Neil1,
Eric E. Becklin1,4, Mark R. Morris1, Keith Matthews5, Shogo Nishiyama6,
Randy Campbell7, Samantha Chappell1, Zhuo Chen1, Anna Ciurlo1, Arezu Dehghanfar1,8,
Eulalia Gallego-Cano9, Wolfgang E. Kerzendorf 10,11,12,13, James E. Lyke7,
Smadar Naoz1,14, Hiromi Saida15, Rainer Schödel9, Masaaki Takahashi16,
Yohsuke Takamori17, Gunther Witzel1,18, Peter Wizinowich7

The general theory of relativity predicts that a star passing close to a supermassive
black hole should exhibit a relativistic redshift. In this study, we used observations of
the Galactic Center star S0-2 to test this prediction. We combined existing spectroscopic
and astrometric measurements from 1995–2017, which cover S0-2’s 16-year orbit, with
measurements from March to September 2018, which cover three events during S0-2’s
closest approach to the black hole. We detected a combination of special relativistic and
gravitational redshift, quantified using the redshift parameter U. Our result, U = 0.88 ±
0.17, is consistent with general relativity (U = 1) and excludes a Newtonian model (U = 0)
with a statistical significance of 5s.

G
eneral relativity (GR) has been thoroughly
tested in weak gravitational fields in the
Solar System (1), with binary pulsars (2)
and with measurements of gravitational
waves from stellar-mass black hole binaries

(3, 4). Observations of short-period stars in our
Galactic Center (GC) (5–8) allow GR to be tested
in a different regime (9): the strong field near a
supermassive black hole (SMBH) (10, 11). The
star S0-2 (also known as S2) has a 16-year orbit
around Sagittarius A* (Sgr A*), the SMBH at
the center of the Milky Way. In 2018 May, S0-2
reached its point of closest approach, at a dis-
tance of 120 astronomical units with a velocity
reaching 2.7% of the speed of light. Within a
6-month interval of that date, the star also passed
through its maximum andminimum velocity (in
March and September, respectively) along the
line of sight, spanning 6000 km s−1 in radial ve-
locity (RV) (Fig. 1). Here we present observa-
tions of all three events combinedwith data from
1995–2017 (Fig. 2).

During 2018, the close proximity of S0-2 to the
SMBH caused the relativistic redshift, which is
the combination of the transverse Doppler shift
from special relativity and the gravitational red-
shift from GR. This deviation from a Keplerian
orbit was predicted to reach 200 km s−1 (Fig. 3)
and is detectable with current telescopes. The
GRAVITY collaboration (9) previously reported
a similar measurement. Our measurements are
complementary in the following ways: (i) We
took a complete set of independent measure-
ments with three additional months of data,
doubling the time baseline for the year of closest
approach and including the third turning point
(RVminimum) in September 2018. (ii) We used
three different spectroscopic instruments in 2018,
enabling us to probe the presence of instrumen-
tal biases. (iii) To test for bias in the result, we
analyzed the systematic errors thatmay arise from
an experiment spanning more than 20 years. (iv)
We publicly released the stellar measurements
and the posterior probability distributions.

We used a total of 45 astrometric positional
measurements (spanning 24 years) and 115 RVs
(18 years) to fit the orbit of S0-2. Of these, 11 are
new astrometric measurements of S0-2 from
2016 to 2018 and 28 are new RVmeasurements
from2017 and 2018 (Fig. 1). Astrometricmeasure-
ments were obtained at the W. M. Keck Observ-
atory by using speckle imaging (a technique to
overcome blurring from the atmosphere by taking
very short exposures and combining the images
with software) from 1995–2005 and adaptive
optics (AO) imaging (12) from2005–2018. RVmea-
surements were obtained from the W. M. Keck
Observatory, GeminiNorthTelescope, andSubaru
Telescope. All of our RV observations were taken
using AO. We supplement our observations
with previously reported RVs from Keck from
2000 (7) and the Very Large Telescope from
2003–2016 (8). This work includes data from
two imaging instruments and six spectroscopic
instruments (13).
We scheduled our 2018 observations using

a tool designed to maximize the sensitivity of
the experiment to the redshift signal (13). We
predicted that, given the existingdata (1995–2017),
spectroscopicmeasurements at theRVmaximum
and minimum in 2018 would provide the most
sensitivity and thus would be ideal for detecting
the relativistic redshift (Fig. 3). Although they are
less sensitive to the effect of the redshift, imaging
observations of the sky position of S0-2 in 2018
also slightly improve the measurement of the
relativistic redshift.
The RVs of S0-2 aremeasured by fitting a phys-

ical model (which includes properties of the star,
such as its effective temperature, surface gravity,
and rotational velocity in addition to RV) to its
observed spectrum (13). The same procedure is
applied to the new and archival observations; for
the latter, this spectroscopic method improves
the precision by a factor of 1.7 compared with
previous analyses (14, 15).
We also characterized additional sources of

uncertainties beyond the uncertainties in the
fitted model. (i) The wavelength solution, which
transforms locations on the detector to vacuum
wavelengths, was characterized by comparing
the observed wavelengths of atmospheric OH
emission lines in the spectra of S0-2 and in ob-
servations of blank sky to their known vacuum
wavelengths. This comparison shows the uncer-
tainty of the wavelength solution of the spectro-
scopic instruments to be ~2 km s−1, with some
observations from 2002–2004 having lower accu-
racy between 2 and 26 km s−1. (ii) Reexamination
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found to be 20 km s−1 for the Keck and Gemini
observations.
The astrometric positions of S0-2 with re-

spect to Sgr A*were placed in a commonabsolute
astrometric reference frame by using a multistep

cross-matching and transformation process. We
adopted an improvedmethodology for obtaining
precise astrometry and a more accurate absolute
reference frame compared with that of previous
work (7). This resulted in an average astromet-

ric uncertainty for S0-2 of 1.1 milli–arc seconds
(mas) for speckle imaging and 0.26 mas for AO
imaging.
The astrometric and RV measurements are

combined in a global orbital model fitting using
a standard post-Newtonian approximation that
includes the first-order GR corrections on the
Newtonian equations ofmotion, the Römer time
delay due to variations in the light propagation
time between S0-2 and the observer, and the rela-
tivistic redshift. For the astrometric observables,
we ignore the negligible effect of light deflection
by the SMBHbut include a two-dimensional (2D)
linear drift of the gravitational center ofmass. This
drift accounts for systematic uncertainties in the
construction of the astrometric reference frame.
To our level of accuracy, the RV observable is (13)

RV ¼ vz0 þ VZ ;S0#2 þΥ
V 2
S0#2

2c
þ GM
cRS0#2

! "
ð1Þ

where c is the speed of light in a vacuum, vz0 is a
constant offset introduced to account for sys-
tematic uncertainties within our RV reduction,
VZ;S0#2 is the Newtonian line-of-sight velocity
of S0-2,V 2

S0#2=2c is the transverse Doppler shift
predicted by special relativity depending on
S0-2’s velocityVS0#2, andGM=cRS0#2 is the grav-
itational redshift predicted by GR incorporating
the SMBH gravitational parameterGM (gravita-
tional constant G and SMBHmassM) and the
distance,RS0#2, between S0-2 and the SMBH. U
is a scale parameter introduced to characterize
deviations from GR; its value is 0 in a purely
Newtonian model and 1 in GR (13). The model
has 14 parameters: 6 orbital parameters for S0-2,
the gravitational parameter of the SMBH (GM),
the distance to the GC R0, a 2D linear drift of the
SMBH parametrized by the 2D position (x0, y0)
and velocity ðvx0 ;vy0 Þ of the black hole from the
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Fig. 3. Measured deviation from Newtonian predictions. The fitted deviation from Newtonian
predictions, overlaid with the best-fitting orbit model (red line) corresponding to U = 0.88. The inset
shows the posterior probability distribution for U; 0.88 is the median value. The red shaded areas
show the model 68 and 95% confidence intervals. The observed RVs are shown as black circles, after
removing the Newtonian part of the model. Error bars indicate 1s uncertainties. For comparison,
we show the RV deviation expected for a purely relativistic signal (U = 1, dotted blue line) and for
a purely Newtonian model (U = 0, dashed blue line) for an orbit with the same orbital parameters.
Our measurement is consistent with the GR model at the 1s confidence level, whereas the Newtonian
model is excluded at >5s confidence.

Table 1. Estimation of the model parameters. Column four (Estimation) indicates the median of the marginalized 1D posterior. Column five (Statistical
uncertainty) indicates the half width of the 68% confidence interval centered on the median. Values for l denote the +1s and –1s uncertainties. Column six
(Systematic s from jackknife) indicates the 1s systematic uncertainty from the reference frame estimated from the jackknife analysis (13). M⊙, solar mass.

Parameter Description Maximum likelihood Estimation Statistical uncertainty Systematic s from jackknife

MBHð106M⊙Þ Black hole mass 3.984 3.975 0.058 0.026
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

R0 (kpc) Distance to GC 7.971 7.959 0.059 0.032
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

U Redshift parameter 0.80 0.88 0.16 0.047
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

x0 (mas) x dynamical center 0.99 1.22 0.32 0.51
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

y0 (mas) y dynamical center −0.85 −0.88 0.34 1.16
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

vx0 (mas/year) x velocity −0.060 −0.077 0.018 0.14
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

vy0 (mas/year) y velocity 0.221 0.226 0.019 0.066
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

vz0 (km/s) z velocity −3.6 −6.2 3.7 0.79
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

P (years) Period 16.041 16.042 0.0016 7.8 × 10−5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

T0 (years) Closest approach 2018.3765 2018.3763 0.0004 1.9 × 10−5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

e Eccentricity 0.886 0.8858 0.0004 2.8 × 10−5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

i (degrees) Inclination 133.88 133.82 0.18 0.13
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

w (degrees) Argument of periapsis 66.03 66.11 0.24 0.077
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

W (degrees) Angle to the ascending node 227.40 227.49 0.29 0.11
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

NIRC2 offset (km/s) RV offset 80 81 19 0.8
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

L (mas) Astrometric correlation length 21 28 24:6
#13:6 11.8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

p Astrometric mixing coefficient 0.47 0.55 0.13 0.11
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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GRS on cosmological scales

• Fundamental test of gravity (c.f. redshift-space distortions)

• Hint on the nature of dark energy /cosmic acceleration

Galaxy clusters

Can we detect GRS of the large-scale galaxy distribution ?

Wojtak, Hansen & Hjorth (’11)
Sadeh, Feng & Lahav (’15)

IDCS J1426

M ≃ 5 × 1014 M⊙

Q

(size ~ 1 Mpc)

(scale ~ 10 Mpc)

Marginal detection due to several systematics

3x106 light years

(Gravitational Red-Shift)

Previous 
works



GRS of galaxy distribution

Observed 
redshift

Consider static galaxies at cosmological distance

−10−5
zobs ≡ Δλ

λ0
≃ ztrue − (1 + ztrue)

Φgal

c2

Hubble-Lemaître law :

w/o GRS

w/ GRS

dtrue

dobs

Apparent shift !

> ztrue

c z = H d

we cannot distinguish between cosmological & gravitational redshifts
However,

≃

gravitational potential

cosmological GRS



Detecting GRS of galaxy distribution
Consider static galaxies at cosmological distance

True galaxy 
position

Suppose there are two galaxy populations 

heavy (light) galaxies receive a larger (smaller) GRS correction

Heavy

Heavy

Heavy

Light

Light

Light

Using Hubble-Lemaître law
c zobs = H dobs



Detecting GRS of galaxy distribution
Consider static galaxies at cosmological distance

Observed galaxy 
position

Heavy
Heavy

Light

Light
Heavy

Light

Suppose there are two galaxy populations 

Using Hubble-Lemaître law
c zobs = H dobs

heavy (light) galaxies receive a larger (smaller) GRS correction



GRS of galaxy distribution
Consider static galaxies at cosmological distance

Light

Suppose there are two galaxy populations 

Using Hubble-Lemaître law
c zobs = H dobs

x1

x2
r

Heavy

Cross correlation between 
heavy & light galaxies

ξ(x1, x2) = ⟨δheavy(x1)δlight(x1)⟩

Usually, this is a function of 

|r | = |x2 − x1 |

heavy (light) galaxies receive a larger (smaller) GRS correction

Observed galaxy 
position



GRS of galaxy distribution

Light

Using Hubble-Lemaître law
c zobs = H dobs

x1

x2

Heavy

Cross correlation between 
heavy & light galaxies

Usually, this is a function of 

= x2 − x1

directional dependence

d ≡ (x1 + x2)/2

GRS effect can break statistical isotropy:

ξ(r) ΔΦ = Φheavy − Φlight < 0{1 − 1 + z
H

ΔΦ
c2 ( ̂d ⋅ ∇r)}ξ(r) ;

Observed galaxy 
position

ξ(x1, x2) = ⟨δheavy(x1)δlight(x1)⟩r

|r | = |x2 − x1 |



GRS of galaxy distribution

ξ(r) ΔΦ = Φheavy − Φlight < 0
directional dependence

GRS effect can break statistical isotropy:

{1 − 1 + z
H

ΔΦ
c2 ( ̂d ⋅ ∇r)}ξ(r) ;

Dipole moment:

ξdipole(r) ≡ 3
2 ∫

1

−1
dμ μ ξ(x1, x2) ≃ ξsys

dipole(r) − 1 + z
H(z)

ΔΦ
c2

∂ξ(r)
∂r

Negative

μ ≡ ̂d ⋅ ̂r

Can we detect it ? (in our definition)

d ≡ (x1 + x2)/2

Q



Numerical & analytical modeling
• Based on ‘standard’ N-body simulation,

we created a relativistic galaxy (halo) catalog

observational effects arising from special/general 
relativity are all included in the catalog :

Solving photon geodesic eq. in an inhomogeneous universe,

• Based on perturbation theory of large-scale structure,

Shohei SagaRelativistic effects on redshift-space distortions at quasi-linear scales

3.1   N-body simulations
M-A.Breton, Y.Rasera, A.Taruya, O.Lacombe, S.Saga [1803.04294]

Compute propagation of photons in perturbed universe

Using C++11 template metaprogramming (Reverdy, 2014)

Take action in the instanciation process

MPI parallelized + Multithreading

Raytracing characteristics

ds2
= 0 (photon)

d
2
x

–

dv2
+ �

–
—“
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(2.625 h-1Mpc)3, 40963 DM particles, assumed Φ=Ψ

Then, all possible relativistic effects are taking into account

• Using cosmological N-body code RAMSES. 
• Storing gravitational potential data on light cone  
• Tracing back the light ray to the source by direct integration of geodesic equation 
• We obtain "Observed" position and redshift

RayGalGroupSims By Michel-Andres Breton and Yann Rasera

•Classical Doppler
•Transverse Doppler
•GRS

•Gravitational lensing
•Integrated Sachs-Wolfe
•Shapiro time-delay, …

we developed an analytic model of dipole correlation function 
taking the major relativistic effects into account

Doppler & GRS

Breton et al. MNRAS 483, 2671 (’19)

Saga et al. MNRAS 498, 981 (’20)



Results: dipole cross correlation

Analytic model predictions agree well with simulation

At small scales (<30 h-1Mpc), GRS starts to be dominant

Doppler and GRS effects are found to be 
the most dominant relativistic effects

with sign 
flipped

Saga, AT et al. MNRAS 498, 981 (’20)
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Figure 9. Same as Fig. 7 but for the dipole cross-correlation function at small scales.

Figure 10. Same as Fig. 8 but for the dipole cross-correlation function at small scales.

of the bias and redshift dependences. Nevertheless, at these scales,
the non-linear cross-talk between the Doppler and gravitational
redshift effects becomes important, and a simple superposition of the
predictions taking separately each effect into account would fail to

reproduce the simulation results. A proper treatment beyond linear
theory is thus crucial, and incorporating the non-perturbative halo
potential, our quasi-linear model gives a reasonable description of
the dipole cross-correlation at both large and small scales.
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Figure 7. The gravitational redshift contribution to the dipole cross-correlation function on large scales at z = 0.33, 0.9, and 1.1 (from left to right). Top
and bottom panels show the different halo populations, data H1600×data H100, and data H800×data H100, respectively. Among these figures, we show
the predictions based on the linear theory (blue-dashed), quasi-linear predictions with the non-linear potential based on NFW profile (orange) and N-body
simulation (green). The black circles with errorbars are the result of N-body simulation.

Figure 8. Same as Fig. 7 but for the Doppler and gravitational redshift contributions to the dipole cross-correlation. In the left-hand panels, we show the dipole
moment including all the relativistic effects in N-body simulations (grey circle with errorbars).
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the predictions based on the linear theory (blue-dashed), quasi-linear predictions with the non-linear potential based on NFW profile (orange) and N-body
simulation (green). The black circles with errorbars are the result of N-body simulation.

Figure 8. Same as Fig. 7 but for the Doppler and gravitational redshift contributions to the dipole cross-correlation. In the left-hand panels, we show the dipole
moment including all the relativistic effects in N-body simulations (grey circle with errorbars).
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and bottom panels show the different halo populations, data H1600×data H100, and data H800×data H100, respectively. Among these figures, we show
the predictions based on the linear theory (blue-dashed), quasi-linear predictions with the non-linear potential based on NFW profile (orange) and N-body
simulation (green). The black circles with errorbars are the result of N-body simulation.

Figure 8. Same as Fig. 7 but for the Doppler and gravitational redshift contributions to the dipole cross-correlation. In the left-hand panels, we show the dipole
moment including all the relativistic effects in N-body simulations (grey circle with errorbars).
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Detectability of relativistic dipole

High-S/N ratio (S/N>10)

• Synergy between surveys

• Surveys observing multiple galaxy populations

8 S. Saga et al.

Figure 7. Estimated signal-to-noise ratio.

Figure 8. Estimated signal-to-noise ratio.
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APPENDIX C: FUTURE OBSERVATIONS

The survey designs are summarized in Table C1 (DESI-BGS), C2
(DESI-LRG/ELG), C3 (Euclid), and C4 (Subaru-PFS).

APPENDIX D: MASS–REDSHIFT VERSION OF SN 2D
PLANE

By fixing the minimum mass "min and the width of log-massbin
� ln " , we split two populations:

("1,"2,"3) = ("min,"min4
� ln " ,"min4

2� ln " ) (D1)

MNRAS 000, 1–9 (2020)

Saga, AT et al  (in prep.)

DESI-LRG 
x SKA 2

DESI-LRG x 
DESI-ELG

DESI-BGS 
x SKA1

SKA 2

DESI

2030~2021~

SKA 1 2020s

Forecast study with analytical model suggests

To detect GRS from the dipole cross correlation, 

are important

competitor of Subaru-PFS

is expected from upcoming surveys



Summary
Gravitational redshift (GRS) effect of large-scale galaxy distribution 

as a fundamental test of gravity on cosmological scales

Cross correlation between heavy and light galaxies 
gives rise to non-zero dipole moment

•  Numerical simulation suggests GRS effect dominates the dipole 
at small scales, in good agreement with analytical model

•  GRS effect can break statistical isotropy:

•  GRS effect is detectable with high S/N ratio (>10) from upcoming 
surveys (DESI, SKA) c.f.  2.7σ detection from BOSS

(Alam et al. ’18)

GRS effects on large-scale structure provides a more stringent test 
of gravity, giving some hints on dark energy/cosmic acceleration


