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Problematic

18/06/2025 Rachel TECHI 3

Introduction of 
dark matter 
(CDM)

Problem ! 

Modify 
gravitation

Rotation curves problem

Credit: D. Pelletier
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CRAL organism

DARK project

Study of dark matter halo properties 
and evolutions

Sample of 127  galaxies at 
intermediate redshift 

Dark matter models 
implementation 

Integral Field Spectroscoper

Hyperspectral cube [1]

Data format

Input in analysis

Bianca Ciocan et al

http://www.eso.org/pu
blic/images/eso1407a/
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Internship goals

Focus on MOND model
➢ Analyse and test MOND model by using galaxies rotation curves

➢ Implement this model in GalPaK3D and find methods to test it

➢ Data analysis: comparison with other DM models

Explore other DM models
➢ Self Interacting Dark Matter (SIDM)

➢ Fuzzy Dark Matter 



Context
a) Dark matter profile
b) Modify Newtonian Dynamics
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Dark matter profiles 
CDM profiles
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With :
• 𝑟 the galaxy radius
• 𝑅𝑠 the scale radius
• 𝜌𝑐 the caracteristic density 
• 𝛼, 𝛽, 𝛾 parameters describing the halo shape in DC14 halo



10/06/2025 Rachel TECHI 8

MOdify Newtonian Dynamics (MOND)
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MOND hypothesis (Milgrom 1983)

Acceleration transition regime

𝒈

𝒈𝑵

MOND regime 
𝑔~ 𝑎0𝑔𝑁

Newtonian regime
𝑔~𝑔𝑁

Gap in rotation curves
𝑔𝑁 ∝ 𝑉2

Critical acceleration
𝑎0 = 1,2 ∙ 10−10𝑚/𝑠2

𝝂 interpolation functions

Transition regime: 𝑔 = 𝜈
𝑔𝑁

𝑎0
𝑔𝑁

With 𝑥 =
𝑔𝑁

𝑎0

➢ Simple 𝜈𝑛 𝑥 =
1+ 1+4𝑥−𝑛

−
1
2

2

1

𝑛

➢ Exponential 𝜈𝛿 𝑥 = 1 − 𝑒−𝑥
𝛿
2

−
1

𝛿

Benoit 2024



Methodology 
a) GalPaK tool
b) MOND implementation
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GalPaK3D tool
➢ Extract morphological and kinematical galaxies parameters

Parametric model 
✓ Bulbe
✓ Disk
✓ Gas
✓ DM halo/alternatives

Creation of a model cube 

MCMC method
• Metropolis Hasting
• PyMultinest

Observational cube 

Parameters 
estimation

Instrument 
defaults

fit

PSF
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MOND implementation 

Creation of mock cube

✓ Model (gas, disk, bulge, DM)
✓ Set parameters values
✓ Instrument default (PSF, LSF)

Mock without noise

Gaussian noise

SNR=15

Implementation in GalPaK3D
➢ Compute 𝑔𝑏𝑎𝑟 =

𝑉𝑏𝑎𝑟
2

𝑅

➢ Determine 𝑔𝑀𝑂𝑁𝐷 = 𝜈
𝑔𝑏𝑎𝑟

𝑎0
𝑔𝑏𝑎𝑟

➢ Deduce 𝑔𝑓𝑎𝑛𝑡𝑜𝑚 = 𝑔𝑀𝑂𝑁𝐷 − 𝑔𝑏𝑎𝑟



Tests results
a) Statistical test
b) Comparison with other models on real data
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Convergence test (1/2)

Geweke plot for each parameters

➢ 10% started chain, 50% 
ended chain and 20 
intervals

➢ Convergence diagnostic 
with the score:

𝜎 =
𝜇𝑖 − 𝜇𝑓

𝜎𝑖 + 𝜎𝑓
2
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Convergence test (2/2)

Walker positions for each parameters

➢ Verify the exploration of 
the parameter space
➢ Marginal distribution

➢ Verify the convergence 
phase

➢ 𝜒2 =
𝐷−𝑀(𝜃)

𝜎

2
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Robustness test
Generation of a grid of
mocks cubes
➢ Verification of parameters 

constraint and ability to estimate 
parameters

Parameters variation:
➢ 𝑛𝑀𝑂𝑁𝐷 ∈ 0.7; 1; 1.3

➢
𝑆𝑖𝑔𝑛𝑎𝑙

𝑁𝑜𝑖𝑠𝑒
∈ 15; 30; 60

➢ log(𝑎0) ∈ −10.2 , −9.6
➢ Md𝑖𝑠𝑘 ∈ [1𝑒9, 3𝑒10]
➢ log(𝑑𝑒𝑛𝑠𝑖𝑡𝑦𝑔𝑎𝑠) ∈ {3; 6; 12}

Estimation accuracy of parameters for all mock cubes



18/06/2025 Rachel TECHI 16

Parameters constraints

Values centered around 0 

𝛿log 𝑎0
𝑎0

Mean relative errorEstimation accuracy of 𝑛𝑀𝑂𝑁𝐷 across mock cubes

Tends to the value 1
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Test rotation curves

Rotation curves for different values of 𝑎0

𝑎0 = 2.5 ∙ 10−10𝑚/𝑠2

𝑎0 = 6.3 ∙ 10−11𝑚/𝑠2

Rotation curves for different values of 𝑛𝑀𝑂𝑁𝐷

➢ Verification of parameters influence on rotation curve 

➢ No influence at small radius (Newtonian regime)

𝑛𝑀𝑂𝑁𝐷 = 0.7

𝑛𝑀𝑂𝑁𝐷 = 1.3
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Models' comparison on mocks

➢ Test on the 450 mock cubes
➢ Comparison between MOND and 

DM models (DARK Project)

➢ Bayesian evidence Z 

Number of mocks in favour of a model

𝑍𝑖 = 𝑃 𝐷|𝑀𝑖 න𝑃 𝐷 𝜃𝑖 , 𝑀𝑖 𝑃 𝜃𝑖|𝑀𝑖 𝑑𝜃𝑖

likelihood prior
data

model Set of 
parameters

➢ Bayes factor: 𝐵12 =
𝑍1

𝑍2
=

𝑃 𝐷 𝑀1
𝑃 𝐷 𝑀2



Application: MUSE data
Preliminary results
➢ Study on 14 of the 127 galaxies with intermediate redshift (DARK, Ciocan et al)
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➢ No difference between the 2 MOND models
➢ MOND less favourable and NFW more

favourable

Number of galaxies in favour of a model

➢ Constraint on the 
parameter 𝑎0
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Conclusion

➢Good statistical test: Convergence, robustness, discriminant test

➢Main results: No significant difference between the MOND models but preference on dark 

matter hypothesis in the preliminary study of galaxies from the DARK project.

➢Future application: Extension of the study on a larger sample of galaxies and application 

of new methods to improve the accuracy of the results.

➢ Perspectives: Exploration of other dark matter models, such as SIDM (Self-Interacting 

Dark Matter) models or "fuzzy" dark matter models, and study of the cusp/core problem on a 

small scale.



Thank you for your attention
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To be continued…

Investigation on 
➢ Other DM models Self Interacting (SIDM) ou fuzzy
➢ Baryonic feedback

NASA/ESA/CSA/STScI/D. 
Milisavljevic et al

M82 Galaxy from the Mount Lemmon SkyCenter
Schulman Telescope courtesy Adam Block

Change in the DM halo

Cusp-Core Problem of the ΛCDM Model by A. Del Popolo M.Le Delliou

Cusps/cores problem
➢ Problem at small scale 

Not explained 
by CDM
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Rotation curves (1/2)

➢ Galaxies dynamics and evolution
➢ Highlights and characterize galaxies component especially dark matter 

➢ Balance between 
centrifugal and 
gravitational force

𝑎𝑛 =
𝑣2

𝑑
=
𝐺𝑀𝑠

𝑑2

𝑉𝑏𝑎𝑟𝑦𝑜𝑛
2 = 𝑉𝑔𝑎𝑠

2 + 𝑉𝑑𝑖𝑠𝑘
2 + 𝑉𝑏𝑢𝑙𝑔𝑒

2

(Sparke & Gallagher 2007)

Galaxy composition
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Rotation curves (2/2)

➢ Study of 𝐻𝐼 and 𝐻𝛼 rays
➢ Determine the 

rotation axis 
➢ Doppler effect

➢ Maximum of intensity 
for each pixels

➢ Reconstruction of the 
rotation curve
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PyMultinest method

➢ Extension of Nested sampling
➢ Use to explore complex and multimodal parameter areas efficiently

1. Generate a set of living point from the prior distribution.

2. Adjust the ellipsoid around the living point to better estimate the distribution. 

3. Replace the point with the minimal likelihood by a new one generated in the corresponding ellipsoid. 

4. If several subsets are found, the algorithm segment the area and make separately the sampling. 

5. Iterate and ended when the living sampling reach the high probability area.

F. Feroz, M.P. Hobson & M. 
Bridges
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