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BORG (Bayesian Origin Reconstruction from Galaxies)
                                                              (Jasche and Wandelt 2013)
                                                                                                              (Jasche and Lavaux 2019)
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BORG (Bayesian Origin Reconstruction from Galaxies)

Forward model

LikelihoodSampled using HMC
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1) Initial conditions



BORG (Bayesian Origin Reconstruction from Galaxies)

2) Evolved density 
field

Forward model

Gravity Model: LPT, 
COLA, (Jax)PM, etc..
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BORG (Bayesian Origin Reconstruction from Galaxies)

3) Observational 
effects

Forward model

Bias model, selection 
effects, RSD, survey 

footprint, etc…
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BORG (Bayesian Origin Reconstruction from Galaxies)

4) Observations

Forward model

Likelihood

Tracer specific 
parameters, 𝛀m, 𝛔8, 
bulk flow, etc … with 

Gibbs sampling
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● Output is a digital twin of our Universe

● Applications to the spectroscopic 
galaxy catalogue of 2M++

● Latest BORG’s data product: 
Manticore
○ Application to 2M++: Manticore-Local 

(McAlpine et al. 2025)

Spatial distribution of dark matter from Manticore-local density 
field and observed galaxies in 2M++ (arXiv:2505.10682v1) 7

BORG (Bayesian Origin Reconstruction from Galaxies)



BORG applications over the years
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Peculiar Velocities from SN Ia

- Peculiar velocities are due to the 
proper movement of galaxies

- Residuals from Hubble diagrams 
→ Necessary to know the tracer 
distances at low-z

- Can be used as a probe to 
measure the growth rate of 
structures (f𝛔8)

- Test of General Relativity Effects of peculiar velocities on a Hubble diagram. The radial 
velocities are color coded (Carreres et al. 2023)
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f𝛔8 latest results and forecasts
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Galaxy clustering



f𝛔8 latest results and forecasts
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Galaxy clustering



f𝛔8 latest results and forecasts
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Peculiar Velocity Galaxy clustering



f𝛔8 latest results and forecasts
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Peculiar Velocity Galaxy clustering



Peculiar velocities

Determining distances from galaxies:

● Tully-Fisher : relates rotational velocities with luminosity
● Fundamental Plane : relates velocity dispersion, surface brightness and 

effective radius

Determining distances from type Ia supernovae:

● Relates lightcurve shape and magnitude at peak brightness (less intrinsic 
dispersion than the other two methods)
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BORG - Peculiar Velocities
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Reconstructed velocity field from (Boruah et al 2020) around a 
local cluster (arXiv:1912.09383v2) 

1) Boruah et al. 2020: BORG on 
2M++ vs SN and Tully Fisher 
→One of the first measurements of 
f𝛔8 with BORG-PV

2) Prideaux-Ghee et al. 2022: Velocity 
field from tracers → Accurate 
reconstruction with beyond linear 
gravity models

3) Stiskalek et al. 2025: Velocity 
validation framework → BORG 
outperforms other methods



BORG - Peculiar Velocities
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LPT reconstruction vs the simulated velocity field 
(Prideaux-Ghee et al. 2022) 

1) Boruah et al. 2020: BORG on 
2M++ vs SN and Tully Fisher 
→One of the first measurements of 
f𝛔8 with BORG-PV

2) Prideaux-Ghee et al. 2022: Velocity 
field from PV tracers → Accurate 
reconstruction with beyond linear 
gravity models

3) Stiskalek et al. 2025: Velocity 
validation framework → BORG 
outperforms other methods



BORG - Peculiar Velocities
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1) Boruah et al. 2020: BORG on 
2M++ vs SN and Tully Fisher 
→One of the first measurements of 
f𝛔8 with BORG-PV

2) Prideaux-Ghee et al. 2022: Velocity 
field from PV tracers → Accurate 
reconstruction with beyond linear 
gravity models

3) Stiskalek et al. 2025: Velocity 
validation framework → BORG 
outperforms all the other methods

Comparison between different reconstruction 
methods (Stiskalek et al. 2025) 



BORG - Peculiar Velocities
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1) Boruah et al. 2020: BORG on 
2M++ vs SN and Tully Fisher 
→One of the first measurements of 
f𝛔8 with BORG-PV

2) Prideaux-Ghee et al. 2022: Velocity 
field from PV tracers → Accurate 
reconstruction with beyond linear 
gravity models

3) Stiskalek et al. 2025: Velocity 
validation framework → BORG 
outperforms all the other methods

4) Direct density and velocity 
field inference from SN Ia (this 
talk)

→ Which dataset?



Zwicky Transient Facility (ZTF)

● Astronomical optical survey 
situated at the Palomar 
Observatory, California, USA

● Observes northern extragalactic 
sky 2 times a night

● Observing nearby transients
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ZTF SN Ia DR2

● Data release 2 (current data release) 
contains nearly 3000 SN

○ Largest SN dataset to date
○ In 2.5 years doubled  number of SN in 

the last 30 years
○ Independent SN never been used before 

in a cosmological analysis 

● SN measured up to z=0.15 → unique 
probe of the Local Universe

● Volume limited sample: SN up to z=0.06 
→ Complete sample to selection effects

○ Around 1000 SN
ZTFR DR 2 overview (Rigault et al. 2024) 20



LEMAÎTRE project : Distance measurement

● Hubble diagram with three 
independent SN surveys

● New analysis pipeline

Including a new model for training 
and lightcurve fitting: NaCl 
validated on ZTF simulations 
(Regnault, Augarde, Osman et al. 
in prep)

● Unprecedented control of 
calibration uncertainties

LEMAITRE blinded Hubble diagram
21



BORG on ZTF SN Ia
● We limit ourselves to the volume 

limited sample (z<0.06) → no 
selection effects on magnitude

● Initially tested and validated on self 
consistent simulations

● Ongoing validation on ZTF SN Ia 
simulations (internal to the 
collaboration)
○ N-body Uchuu sub-box (Ishiyama et 

al. 2021)
○ Refinement of the SN bias model Example of simulated ZTF SN Ia on top of the Uchuu sub-box density field
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Supernova likelihood

Simple power 
law
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BORG on ZTF SN Ia

Evolved matter 
field



Prior on r such that
SN rate follows r2 evolution
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BORG on ZTF SN Ia
Supernova likelihood



Radial velocity from 
the forward model
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BORG on ZTF SN Ia
Supernova likelihood



Marginalize over r

Distance 
likelihood

Velocity 
likelihood Prior on r 26

BORG on ZTF SN Ia
Supernova likelihood



Selection due to z=0.06 cutoff
Inspired by Stiskalek et al. 2026

zthresh = 0.06

Normal cumulative 
distribution function (CDF)
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BORG on ZTF SN Ia
Supernova likelihood
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BORG on ZTF SN Ia
Supernova likelihood



Configuration:

Box size = 700 Mpc.h-1

Grid = 643

Resolution = 10.9 Mpc 

(target: 3.9 Mpc)

Gravity Model = LPT / COLA

Mass assignment = CIC

Parameters sampled:

Initial conditions

Model parameters:
- Bulk flow
- 𝛔v  (velocity dispersion)
- 𝛼 (Bias model)
- μA (Distance uncertainties)

Cosmological parameters:
𝛀m , 𝛔8 (through As)
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BORG on ZTF SN Ia
Set up:



BORG-ZTF self consistent simulations – Results
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SN limit
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BORG-ZTF self consistent simulations – Results
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Credits : Deaglan Bartlett



BORG-ZTF simulation results – Density field reconstruction
Uchuu simulation Posterior mean
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BORG-ZTF self consistent simulations – Results
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BORG-ZTF simulation results – Parameter sampling

PRELIMINARY 35



BORG-ZTF simulation results – Parameter sampling

PRELIMINARY 36



Conclusion

Field-level inference pipeline with peculiar velocity tracers using BORG

- Methodology validated on self-consistent simulations

Towards application to ZTF DR2 SN Ia data

- Final validation on ZTF SN Ia mocks
- Add covariance between SN Ia
- Application to ZTF DR2 SN Ia data
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Expected outcomes and next steps

Expected outcomes

- Comparison between different reconstruction methods
- Consistency and complementarity with galaxy counts from spectroscopic 

surveys / Manticore-local
- Comparison between different fs8 inference methods

Next steps

- Infer standardisation parameters too from the Tripp relation
- Test with the full ZTF SN Ia sample up to z=0.15
- Extend the method to DESI Peculiar Velocity Survey (TF and FP)
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Backup slides
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BORG on supernova Ia
Supernova likelihood

Prior on r
SN follow an r^2 evolution
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Peculiar velocities : f𝛔8
Methods Description Pros Cons

Maximum likelihood Maximize likelihood to match 
radial velocity

Computationally cheap, good for 
large linear scales

Breaks down at non linear small 
scales

Compressed 2pt statistics Model power spectrum and fit to 
data

Good large linear scales + 
EFTofLSS, systematics 
understood

Break down at small scales, 
covariance matrix expensive 
(mocks)

Direct density reconstruction 
from galaxies

Infer velocity field from galaxy 
density field and fit growth rate

3D map of density and velocity, 
good for large linear scales

Only works for linear theory, 
density assumed as known when 
determining f𝛔8

Field level inference Sample initial conditions while 
fitting nuisance cosmological 
parameters

Good even at non linear scales, 
accurate propagation of 
uncertainties, full 3D posterior 
can be used for analyses beyond 
f𝛔8

Computationally expensive, 
model misspecification can be 
dangerous

41



42



BORG-ZTF simulation results – Density field reconstruction
Uchuu simulation Posterior mean

Individual realizations
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