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SNR 0540 (“Crab twin”)

Located ~50 kpc away at the LMC

Oxygen rich

1100-1200 yr old

Massive star progenitor

Type II SN explosion

Forward Shock ~30’’ (7 pc) from centre

PWN and PSR

PSR has a fast spin period ~50 ms

PSR and PWN amongst those few 

that are bright in optical

? + orientation on the sky

Complex PSR and PWN in SNR 0540:

Spin-down rate change early 2010

(Marshall+15)

PWN X-ray luminosity increase

(Ge+19)

Recently: first ever anti-glitch observed 
for a rotationally powered-pulsar 
(Tuo+24)
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PSR AND PWN 0540: THIS TALK
Optical synchrotron emission from PSR and PWN
Model this emission with a Power Law


(or broken Power Law):

Fν ∝ ν−αα spectral index

Question:

What is the spectral index that best

describes the PSR and PWN 


of SNR 0540?

Previous studies on 0540: conflicting results 
for both PSR and PWN  spectral index

Learn more about the conditions at the emission sites 
Answer:

(broken Power Law with 

2 separate spectral indices)

Optical studies on other PWNe:
Photometry on the Crab Nebula 

by Véron-Cetty+93

Canonical synchrotron 
cooling picture

Other wavelength ranges:
Similar results in X-rays (e.g Mori+04,

Hu+22)
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MUSE and X-Shooter Observations @ VLT
X-rays, 1.7’ across 

MUSE

IFU data: 4650—9300 Å

Observed: Jan & Mar 2019

Entire FoV: 1’.0 x 1’.0
Optical, 14’’ across

1’’

X-shooter slit

PSR

N

W

X-shooter

Slit-spectroscopy: 3000—25 000 Å

Observed: Oct & Nov 2019

First NIR spectrum of the source!

Slit dimensions: 1’’.2—1’’.6 x 11’’

2. Observations and Data Reduction

Multi Unit Spectroscopic Explorer (MUSE; Bacon et al.
2010) observations of SNR 0540 were taken as part of ESO
program 0102.D-0769, utilizing the wide-field mode adaptive
optics (WFM-AO). The instrument was used in extended mode,
which provides a slightly bluer wavelength cutoff, allowing for
the capture of Hβ. Observations were split into four observing
blocks between 2019 January and March, with each block
consisting of 3× 770 s exposures. A 230 s exposure was taken
immediately after each block at an offset of a few arcminutes
for the purposes of sky subtraction. The final science exposure
of the second observing block was not used as image quality
deteriorated during this time, resulting in a total exposure time
of ∼2.35 h. The reduced data were retrieved from ESO Phase 3
data products, having been reduced with MUSE reduction
pipeline version 2.6.2. The MUSE WFM-AO observations
provide integral-field spectroscopic observations covering a
¢ ´ ¢1 1 FOV at a spatial resolution of 0 3− 0 4 with 0 2
sampling. The observations cover the wavelength range
4650–9300Å (with a gap between 5760 and 6010Å due to
the Na laser) at a spectral resolution of 1750–3750.

X-shooter observations of SNR 0540 were performed between
2019 October 23 and November 2 as a part of ESO program 0104.
D-0532. The instrument has three arms (UVB, VIS, and NIR),
which together cover the wavelength interval 3000− 25,000Å.
We used slit widths of 1 6 (UVB), 1 5 (VIS), and 1 2 (NIR),
which provide spectral resolutions of 3200, 5000, and 4300,
respectively. The orientation of the slit is shown in Figure 1. The
seeing during the observations was 0 8− 1″ and the airmass
was 1.5.

The observations were performed as a nodding pattern in six
observing blocks, with each block containing four exposures of

280, 190, and 300 s in UVB, VIS, and NIR, respectively.
SNR 0540 is too large to fit within twice the 11′′ slit length. Thus,
although we nodded along the slit, the data were not reduced as a
nodding sequence, as that would have resulted in subtraction of
flux from the outer regions of the remnant. The data were instead
reduced in STARE mode using the standard ESO pipeline,
followed by shifting and adding the individual STARE observa-
tions. Sky subtraction was undertaken using the flux at the edges of
the slits in the combined frame. We also checked that individual
frames could be sky subtracted followed by the combination with
minor differences from the adopted sequence described above. In
the UVB and VIS, we did not perform sky subtraction of the
narrow lines from the interstellar medium (ISM) that overlap with
the broad ejecta lines. As described in Section 3, we were able to
remove these lines more accurately by fitting the spectra at each
position along the slit. The normal nodding observing sequence
would automatically compensate for bad pixels while simulta-
neously sky subtracting. In our case, and for the NIR arm in
particular, bad pixels were identified and corrected by interpolation
using adjacent pixels before combining the frames.

3. Construction of Emissivity Maps

We analyze the strongest emission lines to determine the 3D
structure of the ejecta. These are [O III] λλ4959, 5007, Hα,
[S II] λλ6717, 6731, [Ar III] λ7136, and [S III] λ9069. In the
X-shooter data, we also include [O II] λλ3726, 3729 and
[Fe II] λ12567, which are outside the MUSE wavelength range.
In addition to these lines, we analyze Hβ in both data sets.
While this line has a relatively low signal-to-noise ratio (S/N),
it provides important information about the ejecta and also help
us interpret the Hα emission, which suffers from blending with
strong emission from [N II] λλ6548, 6584. We focus on the

Figure 1. MUSE images of the central 11″ × 11″ region of SNR 0540. The FOV covers ejecta velocities up to ∼1200 km s−1 from the pulsar in the plane of the sky.
Images of emission lines were produced by summing the cleaned cubes over the full spectral region where significant ejecta emission is detected. The Hβ image in the
bottom left panel shows some dark areas outside the ejecta region due to residuals from the removal of stars. The location of stars can be seen in the continuum image
(obtained around 5300 Å) in the third panel of the bottom row. The positions of the pulsar and a bright blob in the PWN are indicated by arrows in this image, while
the dashed black lines show the 1 5 wide X-shooter slit. The bright spot located just below the lower dashed line near the PWN blob is due to two blended stars. The
continuum is also shown as contours superposed on the [O III] image in the bottom right panel.
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The Astrophysical Journal, 922:265 (15pp), 2021 December 1 Larsson et al.

Larsson+21
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Data Preparation: Main Steps

MUSE PSF varies with wavelength 

 convolve each wavelength to the same resolution→

Remove emission lines and other non-continuum 

features

2’’

 (mag)E(B − V)

0 0.2 0.3 0.4 0.50.1

excluded regions

PWN

N

W

Measure the Balmer decrement around the PWN:

.E(B − V) = 0.27 ± 0.07
Larger by ~0.07 compared to previous measurements 

(Kirshner+89, Serafimovich+04)

Obtain uniform spatial resolution:

Isolating the continuum spectrum

Correct for extinction

MUSE
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log10 Fν (erg s−1 cm−2 Hz−1)

-26

-27

56789

14.814.714.614.5

X-shooter

continuum

MUSE

continuum

mean uncertainties

Example Continuum Spectra

λ (103 × Å)

log10 ν (Hz)

1’’

PSR

N

W

15.0

25 20 15 10 5

14.2 14.4 14.6 14.8
log10 ν (Hz)

-26

-27

X-shooter continuum

λ (103 × Å)

MUSE

X-shooter
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Fν ∝ ν−α
MUSE

Flux of A + 0.125

Flux of B + 0.55

Soft (steep) spectrum:

α = 1.064 ± +0.007

Hard (flat) spectrum:

α = 0.83 ± +0.02

mean uncertainties

-28.8

-29.0

5
λ (103 × Å)

678

14.814.714.6

-28.6

log10 ν (Hz)log10 Fν (erg s−1 cm−2 Hz−1)

1’’

B

A

Fν (10−15 × erg s−1 cm−2 Å−1)

 = field stars

0 1.0 2.0

N

W

MUSE

PWN: Fit Continuum Spectrum
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Fν ∝ ν−α

Spatial spectral hardening towards PWN outer 
edge: from  to α ∼ 1.1 α ∼ 0.1

Opposite to what is expected from the 
canonical synchrotron cooling picture (e.g 
PWN observations in X-rays Hu+22)

Power-law Model:

N

W

1’’

Fν (10−15 × erg s−1 cm−2 Å−1)

0 1.0 2.00.5 1.5

 = field stars

Spatial Variation of the Spectral Index α

Serafimovich+04 : hints of similar variation 
along the torus in the optical

MUSE

Continuum flux contours

N

W

1’’

Fν (10−15 × erg s−1 cm−2 Å−1)

0 1.0 2.0

α

0 1.0 1.20.80.60.5 1.5

 = field stars

1’’

Jet?Torus?

Flux of A + 0.125

Flux of B + 0.55

Soft (steep) spectrum:

α = 1.064 ± +0.007

Hard (flat) spectrum:

α = 0.83 ± +0.02

mean uncertainties

-28.8

-29.0

5
λ (103 × Å)

678

14.814.714.6

-28.6

λ (103 × Å)

log10 Fν (erg s−1 cm−2 Hz−1)

MUSE MUSE
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Continuum flux 

α

0 1.0 1.20.80.6

1’’

Spatial Spectral Index Variation:

SNR 0540 vs Crab

Spatial spectral hardening 
towards PWN outer edge:

Other non-synchrotron components in the continuum like 
Balmer recombination continuum or two-photon emission?

Spatial spectral softening 
towards PWN outer edge:

Véron-Cetty+93

= canonical 
synchrotron cooling

MUSE

α ∼ 1.1 → α ∼ 0.1 α ∼ 0.6 → α ∼ 1
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α

0 1.0 1.20.80.6

1’’

PL = 10 %
θ = 0∘

1’’

Continuum dominated by 

balmer recombination or two-photon emission

Polarisation data: Lundqvist+11

[S III] [S III] + continuum [S III] + α
Emission lines: Larsson+21

 spatial correlation between hard continuum 
and Balmer emission lines
→

No spatial correlation

1.2

α

0 1.00.80.6

Fν (10−15 × erg s−1 cm−2 Å−1)

0 1.0 2.00.5 1.5

N

W

Hβ

Larsson+21

But similar variation in 

optical polarisation degree!

MUSE
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Continuum flux 

α

0 1.0 1.20.80.6

1’’

Véron-Cetty+93

Re-acceleration of particles further out 
in the system?

Time variability of the pulsar wind?Other non-synchrotron components in the 
continuum like Balmer recombination 
continuum or two-photon emission?

What can cause this unexpected result?

MUSE

Spatial spectral hardening 
towards PWN outer edge:

α ∼ 1.1 → α ∼ 0.1

Spatial spectral softening 
towards PWN outer edge:

= canonical 
synchrotron cooling

α ∼ 0.6 → α ∼ 1

Spatial Spectral Index Variation:

SNR 0540 vs Crab
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MUSE: α = 1.033 ± 0.004
X-shooter: ,νb = 14.67+0.03

−0.02
α1 = 0.84+0.01

−0.01, α2 = 1.03+0.03
−0.02

1’’

PSR

PWN 0540 Spectrum from the Radio to X-rays

Δα ∼ 0.2

Synchrotron cooling breaks:

mm-IR and NIR-optical?

 two particle populations?→
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MUSE: α = 1.033 ± 0.004
X-shooter: ,νb = 14.67+0.03

−0.02
α1 = 0.84+0.01

−0.01, α2 = 1.03+0.03
−0.02

1’’

PSR

PWN 0540 Spectrum from the Radio to X-rays

Δα ∼ 0.2

Synchrotron cooling breaks:

mm-IR and NIR-optical?

 two particle populations?→

IR-NIR connects nicely
 no dust emission?→

?

Break NUV-X-rays?

Hard to asses 
because of PWN 
time variability 
(Ge+19)
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PSR: Fit Continuum Spectrum
1’’

One of the pulsars that can be observed in the optical

Remove PWN contribution from the PSR spectrum
Better than previously thanks to the IFU data
Caveat: significant PWN contribution


 difficult to remove perfectly→

log10 ν (Hz)

log10 Fν (erg s−1 cm−2 Hz−1)

-28.0

-28.2

5678

14.814.714.6

λ (103 × Å)

5

-5
0

5

-5
0

D − MPL

σ

D − MBPL

σ

νb = 14.628 ± 0.002, α1 = 0.00 ± 0.05, α2 = 1.166 ± 0.007

α = 1.022 ± 0.006

PSR continuum

MUSE

Now we have got optical spectrum!
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Remove PWN contribution from the PSR spectrum
Better than previously thanks to the IFU data
Caveat: significant PWN contribution


 difficult to remove perfectly→

Previously in optical: no break!

Serafimovich+04: α = 1.07+0.20
−0.19

Mignani+12 : α = 0.7 ± 0.04

How this connects to other wavelengths:
Mignani+19 UV:  !α ∼ 3

Caveats:
Early 2010s: Spin-down rate change 

+ PWN X-ray luminosity change 

(Marshall+15, Ge+19)
Recent: anti-glitch (Tuo+2024)

log10 ν (Hz)

log10 Fν (erg s−1 cm−2 Hz−1)

-28.0

-28.2

5678

14.814.714.6

λ (103 × Å)

5

-5
0

5

-5
0

D − MPL

σ

D − MBPL

σ

νb = 14.628 ± 0.002, α1 = 0.00 ± 0.05, α2 = 1.166 ± 0.007

α = 1.022 ± 0.006

PSR continuum

MUSE

1’’
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Very different pulsar spectra!

Differences in pulsars propagating

to PWNe?

Perhaps these objects are not as similar

as previously thought?

log10 ν (Hz)

log10 Fν (erg s−1 cm−2 Hz−1)

-28.0

-28.2

5678

14.814.714.6

λ (103 × Å)

5

-5
0

5

-5
0

D − MPL

σ

D − MBPL

σ

νb = 14.628 ± 0.002, α1 = 0.00 ± 0.05, α2 = 1.166 ± 0.007

α = 1.022 ± 0.006

PSR continuum

MUSE

Fit: Sollerman+19, α = − 0.16 ± 0.07

3.6

3.3

14.0 14.5 15.0
log10 ν (Hz)

log10 Fν (μJy)

Crab PSR

Spectrum from Mignani+07
Crab PSR vs PSR 0540
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Differences in pulsars propagating to PWNe? calls for more (optical) observations →

Spatial spectral 
hardening towards 
PWN outer edge

PWN in SNR 0540

Opposite to the 
canonical 
synchrotron 
cooling picture

Crab Nebula

Véron-Cetty+93

log10 Fν (erg s−1 cm−2 Hz−1)

-28.0

-28.2

5678
λ (103 × Å)

νb = 14.628 ± 0.002, α1 = 0.00 ± 0.05, α2 = 1.166 ± 0.007

α = 1.022 ± 0.006

PSR continuum

log10 ν (Hz)
14.814.714.6

PSR in SNR 0540

3.6

3.3

14.0 14.5 15.0
log10 ν (Hz)

log10 Fν (μJy) Crab PSR

Spectrum from Mignani+07

See more information: Tenhu+24
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