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The cosmological principle

« On large scales, the Universe is homogeneous and isotropic »

→ A pillar of cosmological theories (𝐹𝑅𝑊𝐿, etc.)

One illustration : CMB Temperature maps …

→
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The cosmological principle

CMB has a dipole :  Doppler effect interpretation 

→ gives measure of our speed (direction & velocity) wrt CMB

Modulation factor

Planck found :   v0 𝑐 ∼ 1,2 ⋅ 10−3



The cosmological principle

Interpretation:

Our local frame moving towards what looks like a “CMB rest frame”

 This motion leads to a kinematic dipole observation

 Can we say something similar with matter, in the late Universe ?



→  universal to any distribution of events !

Aberration: not the only source of kinematic dipole number counts

(population and selection effects can create dipoles, but object dependent)

Kinematic dipole in matter maps: 
aberration

observed
at rest
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People looked at kinematic dipoles in : 

quasars and radio sources at redshifts 0 ≤ 𝑧 ≲ 3. 

(Colin et al. 2017; Bengaly et al. 2018;  Secrest et al. 2021; Siewert et al. 
2021; Secrest et al. 2022)

→ Direction ok with CMB but amplitude of velocity differs

i.e. up to factor 5 larger (Secrest et al. 2022)

: 

.

Kinematic dipole in matter maps: 
chosen pieces in the literature

up to 5.1 𝜎
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quasars and radio sources at redshifts 0 ≤ 𝑧 ≲ 3. 

(Colin et al. 2017; Bengaly et al. 2018;  Secrest et al. 2021; Siewert et al. 
2021; Secrest et al. 2022)

→ Direction ok with CMB but amplitude of velocity differs

i.e. up to factor 5 larger (Secrest et al. 2022)

Pantheon+ sample : Sorrenti et al. 2022 find tension wrt CMB in velocity
amplitude but also dipole direction 

Kinematic dipole in matter maps: 
chosen pieces in the literature

up to 5.1 𝜎



What about using maps of detected GWs events ?

Yes, but…

Any non-perfect detector induces a selection bias on the dipole maps

(e.g. Mastrogiovanni et al. 2023)

→ Important to model it to get accurate results

Gravitational waves :



Taking the cumulative detections all along the line of sight:

with ,,,      functions encoding selection bias effects.

The kinematic dipole in GW events



Taking the cumulative detections all along the line of sight:

with ,,,      functions encoding selection bias effects.

Once they are modelled, measure , 

→ extract !

The kinematic dipole in GW events



Gravitational waves (GW) signals
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From which we extract:

X. Chen, arXiv:2009.07626v2
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So far, only discussed maps of number counts of events.

 Can also use maps of the distribution of detected &

 End up with 6 (correlated) estimators of the kinematic dipole:

counts,         &        maps, for both BBH and BNS

 Combine them !

GWs : multiple estimators !
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Missions expecting to run in O(10 years), reaching redshifts 50-100, 
detection of ∼ 105 BBH and ∼ 105 BNS events per year.

Negligible selection bias for BBH : over 99.9% of BBH events detected 
up to z = 20

Next generation GW detectors (ET + 
CE)



Results for next generation GW 
detectors (ET + CE)

CMB
value

AGN
value

Taken from
Grimm, MP, 
et al., in prep. 



Fisher forecasts for next generation 
GW detectors (ET + CE)

If the dipole in GWs maps is that of AGN, it will be detected at ∼ 2𝜎

within 1 year of observation time

If the dipole is that of CMB, need 10 years for ∼ 1𝜎 detection

Assuming their selection bias is controlled, BNS provide better 
constrains than BBH



BNS : selection bias could account for O(10%) of the kinematic
dipole

→ Selection bias cannot resolve a factor 5 tension in the value 
of the velocity

Results for next generation GW 
detectors (ET + CE)



Backup slides



Results for next generation GW 
detectors (ET + CE)

Plot: 10 years 
with

AGN dipole
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Taken from
Grimm, MP, 
et al., in prep. 



Results for next generation GW 
detectors (ET + CE)

Mastrogiovanni et al. 
_2023



Results for next generation GW 
detectors (ET + CE)

Taken from
Grimm, MP, 
et al., in prep. 



Results for BNS selection bias

𝛼 =
expected dipole amplitude

expected dipole amplitude from aberration

Taken from
Grimm, MP, 
et al., in prep. 



Results for next generation GW 
detectors (ET + CE)

Taken from
Grimm, MP, 
et al., in prep. 



What about using maps of detected GWs events ?

Yes, but…         maps of GWs events can also be affected by another
kinematic dipole that is on top of aberration :

Very simplified view:

 let’s call «detected» only the events with signal above a certain 
threshold

Gravitational waves : selection effects
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→ Only the signal amplitude decides if an event is detected or not

But recall, signal amplitude contains

→ Those are z dependent and thus affected by Doppler shift

→ A given signal can be shifted above or below detection threshold,   
creating dipole

Gravitational waves : selection effects



In practice, modelling this requires:

Specifying the noise sensitivity curves of the detector(s)

Estimating the intrinsic astrophysical distribution of binaries (in masses 
and distance)… to evaluate how many detections will be missed

→ Last point is poorly constrained for BNS

Gravitational waves : selection effects
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Astrophysical population

BNS :  in mass range [1, 2.5] Msun, power law without peak 

c.f. Mastrogiovanni et al. 2023



Fiducial measurement errors

Angular localisation: 3 degrees

Luminosity distance: 20%

BBH chirp mass: 10%

BNS chirp mass: 1%



Estimator correlations
Taken from
Grimm, MP, 
et al., in prep. 



Number count estimator

E.g. pixel size of 53 deg^2.



Einstein Telescope, Cosmic Explorer

Einstein Telescope (Europe):  

underground interferometers

arms 10km long (LIGO: 4km)

Cosmic Explorer (USA):

two ground based interferometers

arms 40km & 20km long



Einstein Telescope, Cosmic Explorer

ET (Europe):  

underground interferometers

arms 10km long (LIGO: 4km)

CE (USA):

underground interferometer

arms 10km long (LIGO: 4km)



Gravitational wave signal parameters



Gravitational wave signal

c.f. Maggiore, Gravitational Waves, Oxford Univ. Press, 2008



Gravitational wave SNR

c.f. L. Finn, D Chernoff , Phys. Rev. D, 1993


