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Previous approaches

● correlation coefficients 
(but fails for non linear relations)

● fit quality of Machine Learning regression 
model (Bron et al. 2021)

● inherent feature importance estimation for 
Random Forest models (Gratier et al. 2021)

The goal

find the tracers that 
best constrain the 
physical conditions 

in our models

We observe the ISM to improve our understanding, but it is expensive!  
What tracers should we observe in priority and for how long, to maximize the return on investment ?

The problem of line selection
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Challenges

A/ How do we quantify the potential of a 
line to constrain the physical conditions ?

B/ the situation is even more complex 
when trying to evaluate combinations of 
tracers



Mutual information
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differential entropy 
(continuous var.)

uncertainty on physical conditions

conditional differential entropy 

uncertainty remaining on physical cond. after observing some 
tracers (averaged over noise)

Discrete entropy                                             (in bits)

Mutual information =  differential entropy - conditional differential entropy

Can be estimated from a dataset of 
(physical conditions, associated tracer intensity) 

(Monte Carlo estimation)

In the following, we illustrate our tools and methods on a realistic synthetic dataset
simulating a PDR observed with the IRAM 30m telescope

Scipy’s 
implementation: 

limited to one-to-one 
analysis.

We use our own 
implementation.



Illustration: estimating mutual entropy from the Meudon PDR code
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The Meudon PDR code:

● Models the physics of UV irradiated 
neutral gas (photodissociation region)

● We restrict the physical parameters 
to:
the thermal pressure Pth (K cm-3)
the incident UV field G0 (Habing)
the total AV of the slab (mag.)

● Predicts integrated intensities of 
thousands of emission lines

● We use the fast and accurate neural 
network emulator of Palud et al. 2023

→ Provides the relationship between physical 
parameters and line intensities

(Le Petit et al. 2006)
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Illustration: estimating mutual entropy from the Meudon PDR code

The observation model: The ORION-B Large Program:

● IRAM-30m Large 
Program

● PIs: J. Pety & M. Gerin
● 850 h
● 5 square degrees
● 26” resolution
● 71 - 116 GHz
● ~200 kHz spectral 

resolution
● median noise level 

0.1 - 0.5 K
● unbiased dataset of a 

full GMC

(Pety et al. 2017)

● We follow the properties of the 
ORION-B Large Program

● Accounts for both 
- additive gaussian noise (thermal 
noise) with noise level taken from 
ORION-B program (Einig et al. 2023)
- multiplicative lognormal calibration 
uncertainty, taken from EMIR 
properties (5 to 10% depending on 
band)

● Keep lines observable with 
IRAM-30m → 33 lines



Our Goal: to evaluate the full constraining power of a (combination of) 
tracer(s) with respect to physical conditions
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● Understanding relation between ISM 
tracers and physical conditions

● Help optimizing observation proposals

Mutual information
 maps

Evolution of MI with 
integration time

selection of most 
informative 

single line at 
given S/N 

selection of most 
informative 

combination of K 
lines at given S/N 

accounts for non-linear 
relationships

Selected quantitative criterion: mutual information (MI) from information theory

value independent 
from an algo class 

(neural network, 
random forest, etc.)

allows to analyze 
many-to-many 

relations (many physical 
conditions, many 

tracers)

includes the noise 
model of the 

considered instrument

New tools produced 



Tool 1: mutual information maps (on individual tracers)

7
To have a high MI: large S/N (>10) & large gradient

For individual tracers, maps of MI can be compared with maps of integrated intensity

Einig et al. 2024

When can we trace the total column density (total AV) ?



Tool 1: mutual information maps (on individual tracers)

8
To have a high MI: large S/N (>10) & large gradient

For individual tracers, maps of MI can be compared with maps of integrated intensity

Einig et al. 2024

For individual tracers, maps of MI can be compared with maps of integrated intensity
When can we trace the UV irradiation (G0) ?



Tool 1: mutual information maps (on combination of tracers)
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Best 
individual 

MI1

Combining 
both lines

MI2
gain = MI2 - MI1

combination of 13CO first 2 lines: 
informative where both individual 

lines are informative

combination of C18O first 2 lines: 
informative even where none of the 

individual lines is informative 
(high Av, small G0)

13CO and C18O first line: 
Best combination of the three, 

covers well the parameter space
with a high MI value

Einig et al. 2024

Constraint on AV



Tool 2: how long should we observe? To target which S/N?
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ground state 
transition of 

multiple molecules

first three lines of 
HCO+

Comparing…

Same curves, juste horizontally shifted 
(different noise standard deviation for each line)

Increasing the S/N 
does not necessarily mean 

improving estimation accuracy on 
physical conditions

Key properties

relation S/N and MI: not linear 
all the curves have an S-shape

at low S/N, MI = 0

MI saturates at high S/N

different saturation value

possibility: adjust integration time 
to aim for the saturation S/N

Einig et al. 2024

Constraint on AV



Tool 3: at given integration time, which individual line to observe?
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filamentary gas
6 < Av < 12 mag

dense cores
12 < Av < 24 mag

13CO (1-0) best line for filamentary gas
C18O (1-0) best line for dense cores

With MI, one can rank individual tracers to select the most informative one

The ranking depends on the expected physical regime:

HCN (1-0) and HNC (1-0) are relatively better tracers in dense cores

in dense cores, Av is harder to reconstruct accurately
Einig et al. 2024

Constraint on AV



Top 3 
couples: 
combines 

lines from top 
4 individual

Tool 4: at given integration time, which line couple to observe?
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filamentary gas
6 < AV < 12 mag

dense cores
12 < AV < 24 mag

Top 2 
couples: 
combines 

lines from top 
3 individual

3rd best 
combination:
2nd + 6th best 
individual lines

The best combination of K lines might contain the K most informative lines, but not necessarily

Einig et al. 2024

Constraint on AV
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Conclusions and perspectives

● A tool for tracer selection to help in 
proposal preparation

● The method is very general:
not limited to Meudon PDR code, nor 
to IRAM-30m mm emission lines

● No limiting assumption:
not limited to linear relations, nor 
normal distributions

● Not limited to one-to-one relations:
can quantify constraining power for 
sets of multiple tracers, and also to 
constraining multiple parameters at 
once

What’s next ?

● Can be applied in a 
model-independent way on 
observational dataset 
→ Application to ORION-B dataset 
and physical conditions derived from 
Herschel dust observations.
(Einig et al. in prep)

● Applications to come to other 
astrophysical models and other 
telescopes

Einig et al. 2024
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https://pypi.org/project/infovar/ https://arxiv.org/abs/
2408.08114

These tools are now available online!

https://github.com/einigl/
iram-30m-emir-obs-info

Our Mutual Information tool

To reproduce the figures 
of this presentation



Our Goal: to evaluate the full constraining power of a (combination of) 
tracer(s) with respect to physical conditions

Understand relation between ISM tracers and 
physical conditions

Help optimizing observation proposals

Tool 2
MI maps

Tool 1
Evolution of MI with 

integration time

Tool 3
selection of most 

informative single 
line at given S/N 

Tool 4
selection of most 

informative 
combination of K lines 

at given S/N 

accounts for non-linear 
relationships

Selected quantitative criterion: mutual information (MI) from information theory

value independent 
from an algo class 

(neural network, 
random forest, etc.)

allows to analyze 
many-to-many 

relations (many physical 
conditions, many 

tracers)

includes the noise 
model of the 

considered instrument

Produced new tools
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