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Scientific objectives
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The interstellar medium of  galaxies

 The medium between the stars of  a galaxy, where the 
stars are born 

 Multiphase: 
• gas & grains (1% of  mass) 
• diverse ionization states/fractions 
• diverse densities (~10-3 to 106 cm-3)
• diverse temperatures (~10 to 106 K) 

 Multi-scales, with coupled scales: 
• from giant molecular clouds (~10 pc) 
• to proto-planetary disks (~10 AU) 

 irradiated by diverse fields: 
• from radio to gamma photons 
• magnetic fields
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The interstellar medium cycle
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The interstellar medium cycle

 Scientific question of  ES10 : 
• How does the interstellar medium transform its gas in stars ?
• Specifically targeting the neutral/ionized stage of  the process
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The interstellar medium cycle

 Scientific question of  ES10 : 
• How does the interstellar medium transform its gas in stars ?
• Specifically targeting the neutral/ionized stage of  the process

 Means to achieve this goal : 
• Observation of  RRLs (H, He, C)
• Interpretation to constrain (𝑛௘, 𝑇௘)
• Towards Faraday tomography experiments
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Recombination line : Atomic structure of Hydrogen

• Rydberg equation :

𝐸 = −
𝜇𝑒ସ

2ℏଶ

1

𝑛ଶ
= −ℎ𝑐𝑅ு

1

𝑛ଶ

• With 𝑅ு = 109,677.585 cmିଵ : Rydberg 
constant for H

• E(ionization) = 13.6 V for H

 Carbon has a lower ionization potential 
(11.2eV) than hydrogen and can be 
ionized by radiation fields in regions 
where hydrogen is largely neutral. 
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 WHAT ?

• Classical RRLs associated with H II regions (Palmer 1967)

• Recombination lines from hydrogen, helium and carbon (e.g. Konovalenko & Stepkin 2005). Predominantly observed at frequencies >1

GHz as they trace the warm (Te ∼ 104 K), high-density (ne > 100 cm−3 ) gas. 

• Diffuse RRLs associated with the low-density, cold interstellar medium (e.g. Konovalenko & Sodin 1981; Payne et al. 1989)

• Only RRLs from carbon (CRRL) typically observed as the ionization levels are too low to produce hydrogen and helium lines. Diffuse 

CRRLs are best observed at radio frequencies below 1 GHz because they arise from stimulated emission and absorption. 

 WHY ?

• Emitting in the radio domain so unbiased by dust obscuration 

• Measure the temperature, density and ionization of  the cold neutral medium 

 HOW ?

• Studying the optical depth and width of  the lines as a function of  their quantum number (e.g. Dupree 1971; Shaver 1975, 

1976a; Salem & Brocklehurst 1979; Walmsley & Watson 1982)  

Radio Recombination Lines (RRLs)
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Line/continuum ratio
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Integrated optical depth = 𝒇(𝑻𝒆, 𝒏𝒆)
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 Gaussian line profile :
• Doppler (thermal) broadening :  

Δ𝜈஽
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• Turbulence broadening : 
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 Gaussian broadening :
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 Lorentz line profile :
• Collision broadening :

Δ𝜈௖௢௟ =
1

𝜋
 ෍ 𝑁௘𝐶௡ᇱ௡

௡ஷ௡ᇱ
• Radiation broadening : 

Δ𝜈௥௔ௗ = 6.096 × 10ିଵ଻𝑇଴𝑛ହ.଼ (sିଵ)

Linewidth : Voigt Profile
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Cassiopeia A : general presentation
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Cassiopeia A : cartography
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Cassiopeia A with LOFAR
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Cassiopeia A with NenuFAR : available data

Towards Cassiopeia A, the CRRLs are associated with low-density (ne 

0.1cm−3), cold (Te 70K) intervening clouds in the Perseus and Orion 
spiral arms (e.g. PAE89; Kantharia, Anantharamaiah & Payne 1998) 
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Measured noise consistent with 
estimated noise from Nenupy 
by Alan Loh

• Decoherence = 1
• Elevation = 60deg
• 56 Mini-Arrays

One single day

Cassiopeia A with NenuFAR : rms estimate
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Reduction
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Reduction principles

 Integration of  the data : from 2D to 1D data

 Locating expected lines : protecting the potential detections

 Flattening : from relative intensity to optical depth

Cleaning : RFI mitigation
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Integration
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Protecting the expected lines

Velocity components 
along the line of  sight :

Location Galactic 
reference frame

LSR

Perseus spiral 
arm

-47 km/s -61.35 km/s

Perseus spiral 
arm

-38 km/s -52.35 km/s

Orion arm 0 km/s -14.35 km/s
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Flattening
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Cleaning
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RRL detections
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Detection principles

 Locating expected lines (with LSR correction)

 Slicing : selection of  a window around the expected line

 2nd cleaning

 Fitting to a voigt model

Available extra processing steps :
 Averaging the subbands on all the observation blocks
 Stacking the lines along the frequency axis
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Locating and selecting expected lines

17/11/2021 NenuFAR 2nd User Workshop 25



2nd cleaning phase

Exemple of  the 40-th subband
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Fitting expected lines

2019-10-05 / 00:31:36 2019-10-05 / 22:30:35

17/11/2021 NenuFAR 2nd User Workshop 27



Average
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• Average over 9*2 hours on source observation
• Weighted with 1/rms² of  residuals of  each detection



Stacking along frequency axis

From subband 80 to subband 100 : 29 lines (on averaged data)  
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Results
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Carbon RRLS in CAS A
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Carbon RRLS in Cas A
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…in progress

Python pipeline for RRLs http://nenufar-rrl.obspm.fr/
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First results on Cas A

…in progress
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Perspectives
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Other low radio sources

 Confront the reduction pipeline to lower and lower flux density
1. Cassiopeia A
2. Cygnus A
3. Taurus A
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Cygnus A with LOFAR

10x lower than Cas A 
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• Data reduced
• Analysis on-going

+ 40 hours on source to be 
available soon

Cygnus A with NenuFAR
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Taurus A
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Coupling LOFAR and NenuFAR : some great expectations

 Better spatial resolution => cartography of  hot clouds in ISM                                                                

 Opens the way to RRL 
detections in the other 
stages of  the ISM cycle !

?
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From all the ES10 team, thank you !
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