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Goal

- Characterisation of the diffuse ISM phase.

> Scientific context
o The cycle of matter in the ISM
o Advantages of Carbon RRLs
o Sources

> Data reduction
o NenuFAR, its obstacles, and how to tackle them

> First results
o Line detection
o From line fitting to physical constraints

> Next?
o Perspectives for the RRL team of NenuFAR
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Cycle of matter in the Interstellar Medium

I warm neutral and ionized gas |

disruption of
molecular clouds

formation of
cold HI clouds

radiation (photons)
shocks
cosmic rays

stellar evolution
(life : winds &
death: SN)

formation of
molecular clouds

gravitational instability
turbulence

| star formation |

3
LOFAR Family Meeting 2024, 04/06/2024, Leiden, Netherlands



Diffuse phase

warm neutral and ionized gas

formation of
cold HI clouds
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Carbon Radio Recombination Lines

o E,(H)=-13.6eV
o E(Q)=-11.2eV

= C"in Hl region

Q A
2. N
0(\ (@)
o) O)é .
%, %
7
21-cm map of the Perseus arm ’3‘@(' Q%
J. English : Canadian galactic plane survey ’o,> i 5
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Carbon Radio Recombination Lines

o E,(H)=-13.6 eV Athighn:0<T, <T,,
o E[(CQ)=-11.2eV = line in absorption

= C"in Hl region Salgado et. al 2017

Ca(n) transition for n € [400, 850] (<= [10,85] MHz) :

1 1 2
VnFlon X |5 =50 | =& —3
: n® (n41)* n?

|
n,,L
Te’ n,, TO' Viurb S &
. %
: . . %
= physical/chemical constraints ™%, 6
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Sources

fﬁux density at 50 M

Source | Type | Coordinates Iﬂ Size arcmin ﬁelocity components\
RA (J2000) Dec (.J2000) [Jy] [arcmin] [km/s]
Cassiopeia A | SNR | 23"23™27.94% +58°48'42.4" | 27 104 | 7.4 | -47, -38, 0
Cygnus A | Radio galaxy | 19"59™28.35% +40°44/02.1" | 22 146 | 23 | 1
Taurus A |  SNR | 05"34™31.97* +22°00'52.1" | 2 008 | 79 | 14

- J
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NenuFAR (Nancay Observatory)

Standalone radiotelescope + LOFAR extension + SKA pathfinder

EXPERIMENTAL SETUP
~80 mini-array of 19 antennas
Frequency range : [10, 85] MHz

A A
Ay 4444 4‘-! ! *. ° Lo " 3 “ : spectral resolution df ~ 95 Hz
A /'\j‘\ -;‘v'?l:ﬁ"  § A A A g ». 24 A spatial resolution ~ 1°

B 22) & u s ‘

}*Hi‘,fu~m~:e»:-:u-:. ;u‘\r_sww-f-% \\‘\4 A v
A

.

KP10 : Radio Recombination
Lines
Beamforming mode
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Processing of data
example : Cassiopeia A, 2 hours

Flux (arbitrary unit)

il

— — —

| Baseline flattening )

Time (min)

EEEEERE

\

and RFI mitigation | - t

- = L .

I '2.a) Lane by lane :, L ]

s F C ]

I Time integration | ._%3 1 ¥ 5 E

. — — —— —

= Waighte fverege of Slokbe 1 < MI"HIIII|II|IIIIIIIII|IIIIIIIII|IHIIIIII|lIIIIIIII|IIII|l|II|IIII_TIIIIIIIIIIIII|IIIIIIIII|IIIII||II|IIIIIIIII [nnnnuanssRRURRRRRRRNT]

LT e e e e e e e e e e e e e L e e e e e e e e e e e e e ey r e e reeeeees

I Flattening | = £ 4

(=¥ -+ -

*m;—h-—lwithlmhfromrebinnedl | § 0.5 I ]

| RFI mitigation B a | I ]
I . o o 0.0 | '] N I L 1 |

, *recursive ¢ clipping S I o

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Frequency (MHz)

=> ) lanes, 384 subbands, 786432 frequency channels
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Processing of data :

example : CassiopeiaA,2 hours | =00 e
e %

W0 AT

representation of the 11
consecutive subbands

v 23, 1
I 2.b) Subband by subband

| RFI mitigation 2 : narrow spikes —

* ¢ clipping based on subband gradient

| Flattening 2 : baseline S-shape ———

* Individual subband shape inferred from the median of k I
I neighboring subbands

x 1073

T
3

i

Mitigation 3 : broad spikes, outside lines _

| * Mask around expected lines
* recursive ¢ clipping based on masked subband

I Flattening 3 : residual baseline variation 1

TEge QT

* Smoothing with a SavGol filter of the masked subband to
find and remove residual variation. I

| RFI mitigation 4 : inside masked lines —

* Flattening of lines with a SavGol filter I
I * recursive ¢ clipping based on the flattened subband.

AT

e L L Lo Lt Liseiieas Liis
13.775 13.800 13.825 13.850 13.875 13.900 13.925 13.950 10
Frequency [MHz]
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—— Before processing
—— After processing

Processing of data
example : Cassiopeia A, 2 hours ..

200

I 2 H

I 2.c) Whole spectrum o i

| 0 f

RFI mitigation 5 | o :

— _»
I * recursive ¢ clipping based on line free spectrum X 2 l ':
Source continuum emission I L -4 =
I * Computation of flux density based on analytical modeling -6 = _:
for source continuum when available he ! et et berrrrerrebrrrrerr L 8
I 185 CTTT e e e e [ [ i g
RMS computation Sl E.
I = 125 E-Mean RMS value = 0.62 x10-? 3
* For each frequency channel : RMS estimate over sliding = i 3

\ window of subband width l 1.00 = I
B brrrrsrres brrvrrerr bvvver e bevrvrrrr by b b 8
10 20 30 40 50 60 70 80
Frequency [MHz]
Array of rms
value at each
frequency
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Processing of data
example : Cassiopeia A, 71 hours

RN R R R R RN R R R R R RN R RN
2 H I
((( Spectra : 10-85 MHz
0
. Line free
Optical depth optical depth P
. -4
c? perrrrra vl v by by v bl rr e brrv e b
o 1w 20 30 40 50 60 70 80
‘;‘( L L I L I L P L OO B L B
—_——— — -\ — \ S o |
Time Averaging . , ; E
‘Correction of Earth rotation I = : ! : | :
I * Computation of Doppler effect —2 : : : :
* Creation of a reference frequency array, at v = 0 E 1 I 1 [l
| * Resample of every spectrum to reference array ) I 3 E : : : :
I “Weighted average of spectrum A i : : : :
* Weights = 1/rms? for each channel of each spectrum I _Sol||:||||||5I2|||||||||:5I4|||||||||5I6||||l=|||5I8|||||||||6I0|||||
U e = = e — Frequency [MHz]

Optical Depth
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Processing of data

example : Cassiopeia A, 71 hours

Spectrum : 10 - 85 MHz
Optical Depth

( Etackirzj_ )
I Slicing around expected lines I

* Selection of n transitions
* Discard of transitions deemed too polluted based on
convolution product with an ad-hoc voigt profile I

Frequency-to-velocity conversion

e
¢ dina

2% Stacked transitions :
%%, -1000 km/s to +1000 km/s
G @) Optical Depth
4%
%

x 1073

i 1
i 1 1 1
i 1 1 L}
i 1 1 1
I 1 1 1
i 1 1 1
i 1 1 1
i 1 1 ]
i 1 1 I
f 1 1 1
i 1 1 [}
1 1 1
TS T 1 T T T N T T T I U T O T T O T A I T T T O O T O O O |
52 54 56 60
Frequency [MHz]

e AR e MMM e RRRRARRL CAARMBAMAMY |\ AOAAALY RAAAAAAAY RARRAADE :

- r SNR = 92 + SNR = 97 + SNR = 108 -

E sv = -0.94 km/s T sv=-1.00km/s T sv=-107km/s 1

C 50.76 - 53.90 MHz T 53.90 - 57.20 MHz I 57.20 - 60.78 MHZ]

- Ca(480) - Ca(490) - Ca(500) =]

9 lines T 9 lines T 9 lines ]

......... bilsssesaalaes seviaaeT sevirvee L v sl s v Laasvsa

-50 0 50 0 50 50
Velocity (km/s)

=> 3 velocity components : -47, -38 and 0 km/s,
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Detections

Source

Cas A
Cyg A

Tau A

On-source
time
(hours)
71.5

157.5

104

Expected
velocity
components
(km/s)

-47,-38, 0
4

14

Number of
detection

28
11

17

Typical value
of optical
depth

10-3

10

10

Mean value of
SNr

88
15

13

14
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x 1073

-3 FSNR= 27 +SNR = 114

2 I-SNR = 106
[ Ca(431) T Ca(491) F Ca(551)
—4 7 lines T 8lines [ 8 lines
_5 [ 79.11- 84.81 MHz T 53.76 - 57.14 MHz | 38.18- 40.31 MHz
I T T T T T TV T O B I T N T O AV T T T 4t
5L L e T T T T T T T
0 -t -
—3}sNR= 37 -+ SNR= 113 SNR = 80 + SNR = 156 SNR = 80 . CASSIOPEIA A
[ Ca(441) T Ca(501) Ca(561) T Ca(616) Ca(721)
=4 [ 7 lines 7 8 lines 7 6 lines T 19 lines T 24 lines 7
_5 | 73.91- 79.11 MHz ] 50.63- 53.76 MHz T 36.19- 38.18 MHz T 26.76 - 29.49 MHz 1 16.47- 18.66 MHz
L S UL L DL A o P LA L e S t
0 % TN RPN & | .
Af ; | e 28 detections at 30 threshold
ok B i
—3}-SNR= 68 SNR = 118 SNR = 71
| Ca(451) Ca(511) Ca(571)
—4 10 lines T 8 lines [ 8 lines
[ 69.16 - 73.91 MHz 47.75 - 50.63 MHz 34.34 - 36.19 MHz M M
i e e Stacks contains 7 to 30 lines
-+ . -+

-SNR = 108

T T N T B
PR T U T Y
L

(I SR P ] L
T

—3|-SNR= 79 SNR = 100 SNR = 121 —+SNR = 31 -
[ Ca(461) I Ca(521) Ca(581) Ca(656) T Ca(781) . S N R E 7 1 5 9
47 lines 7 lines 7 lines 17 lines b ]
_5 [ 64.81- 69.16 MHz | 45.08 - 47.75 MHz | 32.61- 34.34 MHz | 22.22- 24.35 - 14.
o - o
0 s
1 ; -3
: : e Depth of line €[0.8,4.4] x 10
—3|-SNR = 87 SNR = 108 SNR = 108 +SNR= 113 SNR = 10 -
[ Ca(471) Ca(591) T Ca(676) Ca(811)
~%[ 8 lines [ 8 lines T 17 lines 7T 30 lines 7
_5[ 60.81 - 64.81 MHz 31.00 - 32.61 MHz T 20.34- 22.22 MHz 11.65 - 13.02 MHz

o ms€[24,12.2]x10°

SNR = 94

[ R B NI Y

-3 I SNR = 125 SNR = 97 - SNR = 89 SNR = 7 4
| Ca(481) I Ca(541) I Ca(601) I Ca(696) + Ca(841)
—4 "8 lines [ 9 lines [ 8 lines [ 16 lines T 29 lines 7
[ 57.14 - 60.81 MHz [ 40.31- 42.61 MHz [ 29.49 - 31.00 MHz | 18.66 - 20.34 MHz T 10.47- 11.65 MHz ]
e I T T T N A 1 T O T B I T T T N T 1 T O T IR TN T T NN N T T T T T T T W I U A W I 0 0 O A T O O A
-100 =50 0 -100 =50 0 -100 =50 0 -200 -100 O 100 —-400 -200
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x 1074

SNR = 9
~Ca(441)
| 30 lines
69.16 - 84.81 MHz

1 L ) T LI | T T LI | 1

TT Tl IlTTrTrTrrrrrr

SNR = 21
T Ca(531) 7]
127 lines

40.31 - 4775 MHz

[

T 24.35- 29149 MHz

LI DL L LI | |

SNR = 21
[~ Ca(626) 7
38 lines

11 detections at 30 threshold
Stacks contains 22 to 44 lines
SNR € [4,22]

Depth of line € 0.9, 8.8] x 10~
rms € [0.8,1.6] x 107°

SNR = 15
~Ca(471)
| 30 lines ,

57.14 - 69.16 MHz

1 PRI | T T T N A O
LISLIN IS B A B N N B

SNR = 22
T Ca(561) 7
| 22 lines

34.34 - 40/31 MHz

T 20.34 - 24135 MHz

l]llll[llll[:

SNR = 16
[~ Ca(666) 7]
34 lines

PRI L TR L I

rrTrrrri

SNR = 4
[~ Ca(751)

| 36 lines
14.05- 17.16 MHz

T T T T 17

| CYGNUS A

-10 4+t

SNR = 20 SNR = 18 SNR = 10 R=5
=3 [FCa(501) T Ca(591) T Ca(706) T Ca(801) A
| 30 lines _ | 26 lines | 35 lines | 44 lines
47.75 - 57.14 MHz 29.49 - 34.34 MHz 17.16 - 20,34 MHz 11.65 - 14£.05 MHz
_10I|||||||||||||||||I"||||||||I||||||||||||I|||||||||I|

LI I B B S N E B B

......

-50 0

50

=100 0 100

=200 0 200

Velocity (km/s)

=250 0

250
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x107*

2.5

0.0

-2.5

-5.0
2.5

-2.5

-5.0
2.5

FSNR = 8 —

| Ca(436) ]

12 lines

" 73.91 - 84.81 MHz

= T N O O T B~

1L B L B I B I N N B N N B N B B L B B B L D B B N L B B B B R

-SNR = +4SNR = 15 +4SNR = 2 +4-SNR = 13 -
| Ca(456) 1 Ca(536) 1 Ca(621) 1 Ca(741) i
10 lines 19 lines 26 lines 29 lines

I 64.81 - 73.91 MHz T 40.31- 45.08 MHz T 25.51- 29.49 MHz T 15.20- 17.16 MHz ]
S AT AN A AN AE U I BVEN : S N R AAT AN N LR AR N S A A VRSN AU BN AR U NE N A N LR E E A A
—+—+++t+r++++r+ft++—+—t+t+r—+—t+t+—t+ 15+t

FSNR = 19

1 ca(556) 1 Ca(771) ]
19 lines 14 lines
™ 36.19 - 40.31 MHz T 22.22- 25.51 MHz - 13.52- 15.20 MHz
R RN Lo
Hr+H f

—FSNR = 8

—+4-SNR = 15 —+-SNR = 6 ~
| Ca(496) 1 Ca(576) 1 Ca(681) 1 Ca(801) i
10 lines 16 lines 27 lines 25 lines
[ 50.63 - 57.14 MHz T 32.61- 36.19 MHz " 19.47- 22.22 MHz T 12.09- 13.52 MHz
P AT AT I RS AR I NI S T S R SR N S S U NS ST S A SNV A SN TS U TSN AU N MY
—+r+-+++r—++++r+fr—+—+—t+—+ -+ttt

" a 3¢ threshold 7

-SNR = 11 — —

| Ca(516) 1 Ca(596) 1 Ca(711) " e "
16 lines 16 lines 26 lines

- 45.08 - 50.63 MHz " 29.49- 32.61 MHz T 17.16- 19.47 MHz ]

PR BN IT AT AN AT A I BEN S BN SRR BRIV TN RNN B ST SV AT AT AT BV AT AT AT SUN B S A AR A

=20 0 20 =50 0 50 -100 0 100 -200 0 200

Velocity (km/s)

TAURUS A
16 detections at 30 threshold
Stacks contains 10 to 30 lines
SNR € [6, 25]
Depth of line € [1.3,5.4] x 10~

rms € [1.2,17.3] x 107°
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Inferring physical parameters of the local ISM
=> Methodology

1.

Fitting a voigt profile on each line
> inferring the FWHM (w) and the integrated intensity (/) for each transition:
we get a set of w(n) and I(n).

Modeling the variation of w and / as a function the principal quantum
number of each transitions n.

Fitting the observed w(n) and /(n) with the theoretical modelings w,, (n)

jl, Av, and Av,.

> inferring constraints on the physical parameters T, n_, T, v,, L.
18
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1. Fitting the lines

[ J
-> Method : curve 1it, sci
¢ ’ 0.0 ! -
12 lines
—-5.0~73.91- 84.81 MHz ]
2'51”:::!:1:““[_.....|....|__:.|...:|.-..|..__.|.......”]._
-rr-rrrrr-- e T T 0_0%-%;:{:%1 Jrepe *r,;‘.‘-_‘u___‘.\/p__.;_.‘"
" 25 _SNIZ: JdsNR= 15 __SNR:1 __SNR4:1 13 o
v - | Ca(456) 1 ca(536) 1 ca(621) 1 Ca(741) ]
¥ v v 10 lines 19 lines 26 lines 29 lines
E G B b -5.064.81 - 73.91 MHz T 40.31- 45.08 MHz T 25.51- 29.49 MHz T 15.20- 17.16 MHz
SNR= 9 SNR = 21 SNR = 21 251:}””:””“[:}IIIIIIlllI_"_HIHHHHIIH_"_IIIIIIIIIifff
—5[Ca(441) TCa(531) T Ca(626) T :
| 30 lines 127 lines | 38lines i } SR e [ I, F— il 1
69.16 - 84,81 MHz 40.31 - 47,75 MHz 24.35 - 29.49 MHz 0.0 N Suail e * i
-10 A+ T _aslsnr=s8 dsnr= 19 1snr= 2 lsnr=8
- T S B T 1 = | Ca(476) | Ca(556) 1 Ca(651) 1 ca(771) ]
= 10 lines 19 lines 30 lines 14 lines
0 V - “ 5 X —=5.0[57.14- 64.81 MHz T 36.19- 40.31 MHz T 22.22- 25.51 MHz [ 13.52- 15.20 MHz ]
v = PR IR ST AU S NI TS MRS A S B SUUAN UACATATAN TS ArI A PR AN A AT (AR
i 1 \/ 1 1 i 2.5 ]
<
| SNR = 15 SNR = 22 SNR = 16 SNR = 4 r 4 T T T ' H T
S =5 ca(471) T Ca(561) T Ca(666) T Ca(751) 7 0.0 D Sy et
X | 30 lines 1 22 lines | 34 lines | 36 lines ] 3 T 1
w 57.14 - 69.16 MHz 34.34 - 40.31 MHz 20.34 - 24.35 MHz 14.05- 17.16 MHz —25FSNR= 9 —+-SNR = 15 —+SNR = —+SNR = 6 —
~10 B+ H A H A | Ca(496) 1 Ca(576) 4 Ca(681) 4 Ca(801) 3
-—++-++-++++++t++—+++++++t++-+++++—+—+—+—+t+r——— 10 lines 16 lines 27 lines 25 lines
= T T T : 1 -5.0~50.63- 57.14 MHz T 32.61- 36.19 MHz — 19.47- 2222 MHz — 12.09- 1352 MHz -]
i v i y _:}r:: 5 5 R R
- e s — b ! :
- -+ -+ -+ E 0.0 rormto db e e o L I F A . e dad..d ]
SNR = 20 SNR = 18 SNR = 10 R=5 L ] L __li";:et'lfg;‘l’l’;ﬁm"e ]
-5 mCa(501) T Ca(591) T Ca(706) T Ca(801) & _25kSNR= 11 dsnr= 11 | SNR = 14 4! i)
| 30 lines | 26 lines | 35 lines | 44 lines ] | Ca(516) 1 Ca(596) 1 Ca(711) i J
47.75 - 57.14 MHz 20.49 - 34,34 MHz 17.16 - 20.34 MHz 11.65 - 14805 MHz _5.0| L6 lines T 16 lines 26 lines I ]
BT} P I (I A M I SN A N AT AN i) B AR A . 45]-08'5()'-63MHf _|29-49’32|<61MHZI__17i16’191-47MH|Z_I ; .
-100 0 100 -100 0 100 -200 0 200 -250 0 250 20 0 20 —50 0 50 -100 0 100 —200 0 200
Velocity (km/s) Velocity (km/s)
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%1073

T T T T
0
I v L or i
2 L £ i
27 [snr= 112 Tsnr= 106 B
I Ca(491) I Ca(551) 1
[ 8 lines [ 8lines T
- 84.81 MHz [ 53.76 - 57.14 MHz [ 38. 18 40.31 MHz ]
+ - - -+
e
=t \F L dE L
2F L + 4
—3FSNR= 37 +-SNR= 113 +SNR = 80 SNR = 156 +SNR = 80
[ Ca(441) T Ca(501) [ Ca(561) Ca(616) T Ca(721)
—4[7lines T 8 lines 76 lines 19 lines T 24 lines
_s L 73901~ 79.11 MHz [ 50.63- 53.76 MHZ [ 36.19- 38.18 MHz 26.76 - 29.49 MHz [ 16.47- 18.66 MHz
-+ - - HHHHHHHHHHHHHHHH A
0
=1k 318 a 1
2 £ + 1
—3[-SNR= 68 Tsnr= 118 Tsnr=71 SNR = 159 +SNR = 54
I Ca(451) T Ca(511) I Ca(571) Ca(636) T Ca(751)
=4 10 lines T 8lines 7 8 lines 18 lines 27 lines
5 [ 69.16 - 73.91 MHz 1 47.75- 50.63 MHz _' 34. 34 36. 19 MHz 24.35- 26.76 MHz T 14.61- 16.47 MHz
1 by it 4 e Ly IR AR SR R
- ++ + + L e e
0
s 2L L 1
22k L. L 1
—3}-SNR= 79 Tsnr= 108 Tsnr= 100 SNR = 121 +SNR= 31
[ Ca(461) T Ca(521) [ Ca(581) Ca(656) T Ca(781)
~4[ 7 lines 7 lines [ 7 lines 17 lines T 29 lines
5 [ 64.81- 69.16 MHz [ 45.08 - 47.75 MHz [ 32. 61 - 34. 34 MHz
- - -
0 e =
=j | N L
2k £ L
—3|-SNR= 87 Tsnr= 108 Tsnr= 108 | SNR= 10
I Ca(471) + Ca(531) I Ca(591) I Ca(811)
—4 "8 lines T 8 lines [ 8 lines [ 30 lines
5 [ 60.81- 64.81 MHz : 42, 61 - 45.08 MHz [ 31.00- 32. 61 MHz [ 11.65- 13.02 MHz
- - +
0
“1F £ L 1
2} i L NE
—3}-SNR= 94 L SNR= 125 +SNR= 97 SNR = 89 +SNR= 7
| Ca(481) T Ca(541) r Ca(601) T Ca(841)
—4 8 lines T 9 lines [ 8 lines 7 29 lines
5 [ 57.14- 60.81 MHz T 40.31- 42.61 MHz [ 29.49 - 31.00 MHz T 10.47- 11.65MHz ]
AP P S ST I PP AP I TN | I

-100 -50 0

-100 =50 0

-100 =50 0

Velocity (km/s)

—200 -100 0

100

—400 -200 0O

Blending of components
=> |ess confidence in the
results of the fits
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2. Modeling the transitions

Vn—sn+1 ZkB,'Z-:'f

AI/G - + <7’l‘u,l‘b>2

@ mc

1.2107% Inn

AV-natu'ral == )
n

Vn—n+1

1
AVpressure = 2_77'(f]-0a(T‘ In7Te) Hy
™

6.096 x 10717

AVyadiation = 9 T()n&8 Hz
™
& > M Ne 2y L
—— Lorentzian /Isont = _O'Qb"("‘i‘?T‘-’) ﬁ'l’"'i'A"(n‘”T"’) (100 ) (m) (E) e
Gaussian
—_ \oigt

Cr(f.s Ney Uturb, Cr()-‘ L

Gordon & Sorochenko, 2009
Salgado et al, 2017 21
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2.Broadening and intensity as a function of quantum number

Ca frequency (MHz)

20

ed, sah o0 TR TR0 RS T b B60 a0 1020 50 wo o
Doppler line width ¢ ® LOFAR data : .
—— Radiation broadening : 60H % WSRT data —
—— Collisional broadening © Kantharia+98 compilation ]
¥ Ca 01 ¢  Sorochenko+10 I
10 ¢ Cp ®  Stepkin+2007 .
[ I Oonk+2017 -47 km s~ L) o P Oonk+2017 best fit —:
I Stepkin+07 o Constraints from this work ® _:
= ]

Line width (kHz)
Integrated optical depth (Hz)

llll'll |IIIIIIIIII rTrryprrrryrrrryornoeTy
>o°
RS
.
|‘|__
!—l.—l

®

=10

paaalavaabaaaa by

20llIlIlllllllllllllIlllllllllllll

200 300 400 500 600 700
Principal quantum number

400 500 600 700 800 900 1000
Principal quantum number

Salas et al, 2017 -
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3. Fitting the variation of wand /as a function of n
-> Method : minimisation of reduced X2 on a 5D grid

Optimal reduced y*> = 1.77

2 3.5

: 5.0
reduced 2

‘||ll | |IHH|| L ‘ l
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Example for Cygnus A. Uncertainties are evaluated as the fifth

percentile of the reduced y? on the grid 23
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CB towards Cas A
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> Other transitions : C, H, He, Sfora, B, v, &, €
B f* :

OOOOOO _ 36.19 - 42.61 MHz ]

> 2D fitting : fitting directly the physics i ", ) R S

o Resolution using machine learning

> Paper in prep. : First detections of Carbon Radio
Recombination Lines with the NenuFAR telescope
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Thank you for your attention !

*Nenufar means waterlily
in French
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