First detections of Carbon Radio
Recombination Lines using NenuFAR

mmmmm Bright radio sources: Cassiopeia A, Cygnus A, Taurus A - s

Lucie Cros, 2nd PhD candidate, LPENS - PCMI 2024



Outline

9.
0‘0

N/

/
A X4

/7
0’0

9.
0‘0

Introduction
Reduction pipeline
Data Analysis

First results
Perspectives



Introduction

Generalities on Carbon RRLs in the diffuse
ISM
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CRRLs specificities at low frequencies

Cna transitions for n € [400,850] (i.e [10,85] MHz):
v oc [n2-(n+1)?] =2 n3

n+l—n

- —10~2 -3
_T=100K, N~=10 "cm => 450 lines in 70 MHz

10%]

We observe lines in absorption in |]

1 2
0 front of BG source
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Reduction pipeline

NenuFAR data reduction




NenuFAR (Nancay Observatory)

Standalone radiotelescope + LOFAR extension + SKA pathfinder

EXPERIMENTAL SETUP
LOFAR back-end
e HBA o  ~80 mini-array of 19 antennas
e LBA
® NenuFAR/LSS

Frequency range : [10, 85] MHz
spectral resolution df ~ 95 Hz
angular resolution ~ 1°
temporal resolution ~ 30s

LT10 : Radio Recombination Lines
Key Project since 2019, when
NenuFAR was 1st commissionned
Beamforming mode

PN

® NenuFAR ® NenuFAR

Beamformer .| Imager \ 5




Processing of data
example : Cassiopeia A, 2 hours

Flux (arbitrary unit)

"ia) Lane by lane B ! ‘ i ; ‘ ,, EE [‘ | A REASR AN || 1
dgm RFI (mainly from human aé:iivity)

Time (min)
| [P

Time integration
* Weighted average of Stokes I
Flattening

* -,—"ﬂ-m — 1 with Tymeas(¥) from rebinned I{v)

RFI mitigation

Optical depth Arbitrary unit

Sl

* Recursive g—clipping 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
Caspi
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, 2 hours

A

iopeia

example

2.b) Subband by subband

RFI mitigation 2 : narrow spikes

* g—clipping based on subband gradient

Flattening 2 : baseline S-shape

* Individual subband shape inferred from the median of k

neighboring subbands
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sl b b b bl

13.850

dlevrvren bl

13.775
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Frequency [MHz]

13.875

13.825

13.800

broad spikes, outside lines

Mitigation 3

* Mask around expected lines

* recursive g—clipping based on masked subband

Flattening 3 : residual baseline variation

* Smoothing with a Savitzky-Golay filter of the masked

subband to find and remove residual variation.

RFI mitigation 4 : inside masked lines

* Flattening of lines with a Savitzky-Golay filter

* recursive g—clipping based on the flattened subband



Processinp of data
example : Cassiopeia A, 2 hours

I 2.c) Whole spectrum
RFI mitigation 5 I
I * recursive ¢ clipping based on line free spectrum

Source continuum emission I

I * Computation of flux density based on analytical modeling
for source continuum when available

I RMS computation I

* For each frequency channel : RMS estimate over sliding
\ window of subband width l

Spectra : 10-85 MHzZ o\ "
p Array of rms
Optical depth Ll,“e free @

optical depth Vaé};gi;?;?h

600

400

200

1.50
1.25
1.00
0.75
0.50
0.25

:

l'

—— Before processing
—— After processing

Mean RMS value = 0.62 x10-3

perrr b brenrrrvo b

pe b brrrrren bvrrrna b

b i i
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Frequency [MHz]
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Processing of data
example : Cassiopeia A, 71 hours

value at each
frequency

tical depth

T
(o]
y—{
—_ — — e — X
. . \ (&)
Time Averaging
‘Correction of Earth rotation I
I * Computation of Doppler effect
* Creation of a reference frequency array, at v = 0
. * Resample of every spectrum to reference array ) I
I Weighted average of spectrum
* Weights = 1/rms* for each channel of each spectrum I
k‘ Jl

Spectrum : 10 - 85 MHz
Optical Depth

20 30 40 50

60

70 80

52 54

56
Frequency [MHz]

58 60
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Processing of data

example : Cassiopeia A, 71 hours

Etackh;;

Slicing around expected lines

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

x> Stacked transitions :
e\ \(-1000 kmy/s to +1000 km/s
D % Optical Depth
4%
A

x 1073

LI - I O PO B B B
; " 1
b I 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]
AARRABAMMY| & IAABAMMS RARMAAMAM e MMM e RRRRARRL CAARMBAMAMY |\ AOAAALY RAAAAAAAY RARRAADE :
- r SNR = 92 + SNR = 97 + SNR = 108 -
. sv = -0.94 km/s - sv=-100km/s + sv=-107km/s A
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 ]
__________________________ TR M S - VS —:
-50 0 50 0 50 50
Velocity (km/s)

=> 3 clouds detected at velocities : -4/,-38 and 0 km/s  ,



Data Analysis

From RRLs detection to physical
constraints

T,n,T,v

e’ e’ 0 "turb




Modeling the line profile

Voigt Profile

Gordon & Sorochenko, 2009 T n V T L
Salgado et al, 2017 € ey Vturb, 40, 14




Modeling the line profile N L

C mc

Voigt Profile

—— Lorentzian
Gaussian
— W|gt

Gordon & Sorochenko, 2009 T n v T L
Salgado et al, 2017 ey 'tey Viurb, £0; 15




Modeling the line profile N L

C mcg

VOigt PrOﬁle .AVE = AVrad (T(), TL) + Al/czol("n/c: Tca TL) + AVnat (TL)
1
o Av. = —n104Te)p7(Te) Hy
2T
4.274 x 104 e} >
.Ayrad = 10 <2R C) kBTO VO,CMn—Ba—Z Z (An>a—2
7T V0,0 An=1
we assume a =-2.6 at v = 100 MHz (Salas et al 2017)
—— Lorentzian
Gaussian
- \oigt
Gordon & Sorochenko, 2009 CZ—’B7 n67 thT‘ba TO, L

Salgado et al, 2017 16




Modeling the line profile o Ayg = Yoomtt BB Te s

C mcg

VOigt PrOﬁle .AVE — AVrad (Tg, 'I’L) + AVcol(ncy T’ca TL) I AVnat(n)

1
o Avg = %nelOa(Te)nW(Te) Hz

oo
]CBT() I/()’CM?’L—?)O‘—2 Z (A’I’L)a—Q
An=1

O Avraq = -

4.274 x 104 <2Rooc)a+ .

o,

Iline(y) ¢ § —h Ne 2 L
o] ——dv=-02 bn 710’ Ne) Pn,n’ T07 Ne - ( - ) — | Hz.
/ Ir(;-ont(y) e ( i )/B ’ ( A ) (100 ) 0.1cm—3 (PC> ’

- Lorentzian
Gaussian
—_— \foigt
Gordon & Sorochenko, 2009
Salgado et al, 2017

Tea Ney, UVturbs TO) L|17




Methodology

e 5D Grid exploration: (n T, TO, v, L) + minimisation of x?

e 3 statistical parameters (Lorentzian width, Doppler width,
Line area) / 5 physical parameters => degenerate modeling

e First: wide grid, then refined until finest grid

wide grid fine grid
Parameter Min | Max | Step L T——— Precision
T [K] 10 5000 10 T K
Ne [cm™3] | 1072 1 1072 e 1 x 1073 cm™3
To [K] 100 | 5000 | 500 To 100 K
Ut [km/s] 1 20 s Vi 0.1 km/s
E [pc] 1 30 2 L 0.5 pe




Methodology

=>  Prior on L by comparing with dust (Edenhofer 2023) :
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- A 3 0.2
0.50 — N3 C/
: B S
0.25 & I= 0.1F
= A | 2
0'00"'"""'i'llllllllilll""'lilﬂllllll*; 00— i L}
-20 -15 -10 - 0.0 ~04 ~0.2 0.0
kpe kpce
=> L [pc] opt " 10 LOpt + 10 2

VLSR

15
10.

Adust
100

10!

102

10-3

104

—>  We look around the value of T, where we find the global minimum of the wide grid
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A Team results

Cassiopeia A, Cygnus A, Taurus A

B (assiopeia A - supernova

BRI cmnant

de Gasperin et al, 020

27 104 Jy at 50 MHz

Cygnus A - radio galaxy
22 146 Jy at 50 MHz

Taurus A - supernova remnant
2008 Jy at 50 MHz
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Line detection - Cyg A

Need for more stacking

Deviation from LOFAR less important

than for Cas A "'2
> (yg Ais farther from Galactic Plane<

-10

30 lines

1 22 lines

LTI i o r e rrrrerrmnmrmmm
Wb—wv. ‘v-‘
SNR= 9 SNR = 21 SNR = 21
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30 lines 127 lines ] 38 lines
69.16 - 84.81 MHz 40.31 - 47,75 MHz 24.35- 29,49 MHz
I o o 5 o 3 U e e B B B B o
oo N
N '\ /
SNR = 15 SNR = 22 SNR = 16
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| 34 lines

| 30 lines
47.75 - 57.14 MHz

T T T U T O
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T T T U O O
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Line detection-Tau A

e New detections !

e Shift of the line center: indication of
complex structure within the cloud
(shocks ?)

rx 1074
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LA e e e e e e e
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Results

e (orrelation with dust for CasA 0 g fﬁﬁ g ++ WL
N || A AR s
km/s and Cyg A ok g i)
e General compatibility with LOFAR S ) g,
results for physical parameters g | % Wﬂ g g :
) ff ; y )
‘+* +1+Hﬁ

e T and n, consistent with CNM for ;
every cloud o,

Af (kHz)
J& (Hz)

e High value of turbulence in Tau A
may indicate complex structure




Perspectives

e Apply methods to:
o  Other transitions: 8, v, O...
o  Other species: H, He, S...

e (Observe new environments: more evolved supernova remnants and the diffuse ISM

against Galactic background, extragalactic
o Already started: HD210839,HD219188,NRAO150
o Inthe future: 1C443, Orion bar
o Possible detection at Cyg A systemic velocity

e Prepare ourselves for SKA'!

25
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Modeling the line profiles

Af (kHz)

10!

10°

10!

Quantum number

E ----- (Te, n:) = (10 K, 0.01 cm™3) 2k e ey
L —=- (T..n) = (100 K, 0.01 cm™3) i
F == (T, n) = (100 K, 0.1 cm™3) e
e =
E 7 1
- (s ./ o
- ' 1) < I < N =t 2
L . N | et
[ Log , # o e
0, — 0o} ————==m= SN LU U Ny ——
i /\/_),/'//' o T
© g \ » :\L
E . o
F (7 /'/ ,/ _1 -
s N“/l 27
- . % ,,’ ----- (Te, ne, L) = (10K, 0.01 cm™3, 1 pc)
z /w/ﬂ'\/ " === (T.. n. L) = (100 K, 0.01 cm~3, 1 pc)
o 3 —2r —+= (T, n,, L) = (100 K, 0.1 cm™3, 1 pc)
1 1 il S 1 1 1 il 1 1
400 500 600 700 800 400 500 600 700 800
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MGthOdOlogy illustration of degeneracy

e 5D Grid exploration: (ne, Te, TO, Vo L) + minimisation of x?

e 3 statistical parameters (Lorentzian width, Doppler width,
Line area) / 5 physical parameters => degenerate modeling

Probability density

e First: wide grid, then refined until finest grid

wide grid fne ari
: ne grid

Parameter Min | Max | Step V— —

T K] 10 | 5000 | 10 - =

Ne fem 2] | 162 1 1072 e 11073 cm™

To [K] | 100 | 5000 | 500 o ok

n [km/s] | 1 20 2 L 0.5 pe.

£ [pc] 1 30 2

28



HD210189 - Blue supergiant

HD219839 - Star

Diffuse ISM results

HD210839,HD219188, NRAO150

2007.16

NRAO150 - Blazar




Detections

Source On-source time
(hours)

HD210839 89.25

HD219188 14

NRAO150 22

Expected velocity
components

(km/s)
-14,-34
-9,-39

-4,-8.5,-10,-14,-17

Number of
detection

13

4-6

7

Typical value of
optical depth
107

107

107

Mean value of SNR

15

10

30



Af (kHz)

Af (kHz)

Line detection
HD210839
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L SNR = 7 4
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Ca(536)

[ 19 lines
| 40.31- 45.08 MHz

T Ca(626) T
T 37 lines
1 24.35- 29.49 MHz
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T 1352- 17.16 M

Ca(756)

T T T T N T T TN N T O |
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- Ca(476) 1
" 17 lines

[ 57.14- 64.81 MHz

Ca(556)
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200
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1035

Af (kHz)

Line detection

HD219188
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Line detection f j

0 \l

NRAO150 i i

10!
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0 2larp
-
—4 -FSNR = 12 —+SNR = 9 —
I Ca(496) T Ca(616) b
=6 36 lines t'29 lines T

[ 47.75- 60.81 MHz

[ 25.51 - 31.00 MHz

Af (kHz)

L ‘ ~N
’ jas
o + ‘ ST 4

I Ca(536) T Ca(661) .
I 1- + —6 | 31 lines [ 34 lines 7]
gl 38.18 - 47.75 MHz | 20.34- 25.51 MHz |
TN TN NN TN TN TN N NN TN TN TN SN NN TN 1 TN Y TN TN NN TN NN NN S SN WO N 1
500 600 700 0150 500 550 600 650 700 750 -100 0 100 -200 0 200

Quantum number 33



Af (kHz)

Results

4.0
_ Te=176K
HD210389 - shock gl UK
3.0t T0=1200K
L=14pc
adl vt = 11 km/s
10'F T 20}
Loysf i ap
] NRAO150
1.0} = [ -~
o] N 4
0.5} = o
L 1 1 '} 1 0.0 1 1 1 1 1 g 101; § 3
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Detections

Source On-source time
(hours)

Cas A 71.5

CygA 157.5

Tau A 104

Expected velocity
components

(km/s)
-47,-38,0
4

14

Number of
detection

28
11

17

Typical value of
optical depth
1073

107

107

Mean value of SNR

88

15

13
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Cyg A extragalactic ?
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