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Astronomical observations



Nordic Optical Telescope, La Palma, Canary Islands

Telescopes



Nordic Optical Telescope, La Palma, Canary Islands

Telescopes



The Nordic Transient Explorer (NTE) being built by the Niels Bohr Institute

Astronomical instruments



Observing modes 
•  Visitor mode (researcher travels to the observatory for the observations) 
•  Service mode (observations carried out by the observatory staff) 
•  Target of Opportunity (interrupting the scheduled observations) 
•  Remote observations (for educational use)



•  Photoelectric effect – silicon exhibits an energy gap between the valence and 
conduction bands 

•  Incoming photons with a suitable energy interact with the Si atoms and excite 
valance electrons into the the conduction band 

•  An electric field applied for capturing the free electrons, this way a CCD detector 
can collect a large number of photons 

• Typical arrays: 2048 x 2048, or 4096 x 4096 

Basic principles of a charge-coupled device (CCD) 



Imaging observations 
● Determine the brightness (photometry), positions (astrometry) and structure of 
astronomical objects, detect new objects 
● Use filters to select a certain wavelength range and repeat the imaging in multiple 
filters to determine the colours of the object 
● Use CCD detector (or other semiconductors) to record the light 

 



Spectroscopic observations 
● Determine the flux density as a function of wavelength (spectral energy distribution, 
spectral lines, physical conditions, velocities etc.) 
● Use a mask with a narrow aperture (slit) to cut the 2D image to 1D 
● Use a diffraction grating (or a grism) to disperse the incident light beam into spectrum  
● Spectrographs use an imaging device (CCD) to record the dispersed light 

 slit
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5 OB stars with 
Teff ~20 000 – 30 000K 
L ~ 50 000 – 150 000 L⊙

ionised gas

dust



Flexible Image Transport System (FITS) 
• Standard format in astronomy > 30 yr 
• ASCII header with keyword/value pairs 
• Pixel data without any compression 
• Multidimensional arrays for 3D+ cubes 
• Not proprietary / open format, large 

number of viewers, editors, libraries 
• Adopted by the Vatican Library for the 

long-term digital preservation of  material



Point spread function (PSF) 

● Determines the spatial resolution of an observation 
● Can be measured and modelled using stars (point-sources) present in the 
astronomical images 
● Knowing the PSF allows precise astrometric and photometric measurements by 
PSF fitting techniques and detection of variability by image subtraction 

Ideal (diffraction limited) 
PSF if no atmosphere 

θ ~  1.22 x λ / D 

(where λ is wavelength, 
D the diameter of the 
telescope and θ is in radians) 

Iobserved  = Ireal ⊗ PSF

Atmospheric turbulence broadens the PSF resulting in a 
Gaussian PSF (seeing)



Signal-to-Noise Ratio 

• Most important measure of the level of 'goodness' of your observation 

• Determines the integration time required for your observation 

Signal-to-Noise Ratio Signal-to-Noise Ratio 

● Most important measure of the level of 'goodness' of your observation
● Determines the integration time required for your observation

where noise1, noise2, ... = sources of noise
● 'CCD Equation':

NS = total number of photons collected from the object falling on npix pixels, 
Nbg = number of photons/pixel from sky background,  
ND = number of dark current electrons/pixel, 
NR = read noise electrons/pixel
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Signal-to-Noise vs. exp. time

Increasing exposure time by x2 only increases S/N by x sqrt(2)

S/N S/N examples

S/N = 50 S/N = 10 S/N = 5 S/N = 3



Signal-to-Noise vs. exp. time

Increasing exposure time by x2 only increases S/N by x sqrt(2)

S/N

S/N = 70

S/N = 7

S/N = 3.5

S/N = 1.5



Astronomical observatories







Very Large Telescope (VLT): 4 x 8.2 m telescopes for optical and infrared 
observations



Extremely Large Telescope (ELT): 39 m telescope for optical and 
infrared observations (first light 2024)



2.6m Nordic Optical Telescope (NOT)
La Palma, Spain (2.4 km)



Atacama Large Millimeter Array (ALMA): 
66 x 12 meter antennas for interferometric radio observations 
(350µm - 10 mm)



Global Very Long Baseline Interferometry (VLBI) Array: interferometric radio 
observations (cm wavelenghts)



Examples of astronomical imaging data



NASA Chandra X-ray observatory

soft X-ray image (0.5 - 7 keV)

Hubble Space Telescope (HST)

optical image (435+814 nm)



Hubble Space Telescope (HST) optical (435 + 814 nm) (PSF FWHM ~ 0.1”) 



NOT/NOTCam near-infrared (2.2 µm) (PSF FWHM ~ 1”) 

2010O 2010P



Gemini-N/Altair near-infrared (1.1-2.2 µm) (PSF FWHM ~ 0.1”) 

       

1 kpc



Romero-Canizales (2011)

Very Large Array (VLA) radio image (8.46 GHz = 3.5 cm) (PSF FWHM ~ 0.5”) 



Romero-Canizales (2011)



L18 M. A. Pérez-Torres et al.: An extremely prolific supernova factory in the buried nucleus of the starburst galaxy IC 694

region of Arp 299-A (see Fig. 1) is heavily dust-enshrouded,
thus making the detections of SNe very challenging even at near-
infrared wavelengths. Yet, Arp 299 hosts recent and intense star-
forming activity, as indicated by the relatively high frequency of
supernovae discovered at optical and near-infrared wavelengths
in its outer, much less extinguished regions (Forti et al. 1993;
van Buren et al. 1994; Li et al. 1998; Yamaoka et al. 1998; Qiu
et al. 1999; Mattila et al. 2005).

The brightest component at infrared and radio wavelengths is
IC 694 (A in the top panel of Fig. 1; hereafter Arp 299-A), which
accounts for ∼50% of the total infrared luminosity of the sys-
tem (Alonso-Herrero et al. 2000; Charmandaris et al. 2002), and
∼70% of its 5 GHz radio emission (Neff et al. 2004). Numerous
H II regions populate the system near star-forming regions,
which implies that star formation has been occurring at a high
rate for past ∼10 Myr (Alonso-Herrero et al. 2000). Given that
IC 694 accounts for most of the infrared emission in Arp 299,
it is the region that is most likely to contain new SNe (Condon
1992). Since optical and near-infrared observations are likely to
miss a significant fraction of CCSNe in the innermost regions
of Arp 299-A due to high values of extinction (AV ∼ 34−40,
Gallais et al. 2004; Alonso-Herrero et al. 2009) and the lack of
the necessary angular resolution, radio observations of Arp 299-
A at high angular resolution, high sensitivity are the only way of
detecting new CCSNe and measuring directly and independently
of any model its CCSN and star formation rates. Very Long
Baseline Array (VLBA) observations carried out during 2002
and 2003 resulted in the detection of five compact sources (Neff
et al. 2004), one of which (A0) was identified as a young SN.

2. eEVN observations and results

We used the electronic European VLBI Network (e-EVN)
(Szomoru 2006) to image Arp 299-A at a frequency of 5 GHz
over 2 epochs, to directly detect recently exploded core-collapse
supernovae by means of the variability of their compact ra-
dio emission (see Appendix A for a detailed description of
our observing strategy, calibration and imaging procedures,
and source detection and techniques for flux density extrac-
tion). The attained off-source root-mean-square (rms) noise
level was 39 µJy/beam and 24 µJy/beam for the 8 April 2008
and 5 December 2008 observations, respectively, and enables
26 compact components to be detected above 5 rms (see Fig. 1).
Since the EVN radio image on 5 December 2008 is much deeper
than the one obtained on 8 April 2008, it is not surprising that
we detected a larger number of VLBI sources in our second
epoch (25) than in our first one (15). This allowed us to go back
to our first-epoch image and extract the flux density for the new
components (A15 through to A25 in Fig. 1), which show ≥5 rms
detections only in the December 2008 image. This procedure al-
lowed us to recover four components above 3σ (A15, A18, A22,
and A25), based on a positional coincidence with the peak of
brightness of our second epoch of greater than ∼0.5 milliarcsec,
i.e., much smaller than the synthesized interferometric beam.

Our results demonstrate that a very compact rich nuclear
starburst in Arp 299-A exists and, in general, are in excellent
agreement with independent results reported by Ulvestad (2009).
The angular size encompassed by the radio emitting sources in
Arp 299-A is smaller than 0.7′′ × 0.4′′, corresponding to a pro-
jected linear size of (150 × 85) pc. To facilitate comparisons,
we define here a fiducial supernova radio luminosity equal to
three times the image rms in the 8 April 2008 epoch, which cor-
responds to 2.9 × 1026 erg s−1 Hz−1. In this way, the radio lu-
minosities for the VLBI components range between 1.1 (A25)

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
11 28 35.0 34.5 34.0 33.5 33.0 32.5 32.0 31.5 31.0 30.5

58 33 55

50

45

40

35

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
11 28 33.68 33.67 33.66 33.65 33.64 33.63 33.62 33.61 33.60 33.59

58 33 46.80

46.75

46.70

46.65

46.60

46.55

46.50

46.45

46.40

D
E

C
LI

N
A

TI
O

N
 (J

20
00

)

RIGHT ASCENSION (J2000)
11 28 33.68 33.67 33.66 33.65 33.64 33.63 33.62 33.61 33.60 33.59

58 33 46.80

46.75

46.70

46.65

46.60

46.55

46.50

46.45

46.40

24 Oct 2000

C

5 GHz VLA

5 GHz eEVN 

35 lyr 

5 Dec 2008

A0 A1

A6

A8

A5

A14

A4

A13

A11
A9

A8

A0 A1
A5

A7

A15

A16

A18

A19
A22

A20

A21

A23

A24

A11
A9

5 GHz eEVN 8 Apr 2008
A13

A25

A7

A14

A10A4

A12

A12

A3

A3

A2

A2

A17
A10

35 lyr

3500 lyr
A

D
B

C’

Fig. 1. Top: 5 GHz VLA archival observations of Arp 299 on
24 October 2000, displaying the five brightest knots of radio emission
in this merging galaxy. Middle and bottom: contour maps drawn at five
times the rms of our 5 GHz eEVN observations of the central 500 light
years of the luminous infrared galaxy Arp 299-A on 8 April 2008 and
5 December 2008, revealing a large population of relatively bright, com-
pact, non-thermal emitting sources. The size of the FWHM synthesized
interferometric beam was (0.6 arcsec × 0.4 arcsec) for the VLA ob-
servations, and (7.3 milliarcsec × 6.3 milliarcsec) and (8.6 milliarc-
sec × 8.4 milliarcsec) for the EVN observations on 8 April 2008 and
5 December 2008, respectively. To guide the reader’s eye, we show in
cyan the components detected only at the 5 December 2008 epoch.

and 7.3 (A1) and between 1.0 (A13) and 7.7 (A1) times the
fiducial value, for the VLBI observations on 8 April 2008 and
5 December 2008, respectively (see Table 1 for details).

3. Discussion

The radio emission from the compact sources detected from our
VLBI observations can be explained in principle within two
different physical scenarios: (i) thermal radio emission from
super star clusters (SSCs) hosting large numbers of young,

Perez-Torres+2009
Ulvestad (2009)

1000 pc
Very Long Baseline Array (VLBA) radio image 
(2.3 GHz = 13 cm) PSF FWHM ~ 0.5 milliarcsec 
       



Supernova progenitor detections by relative astrometry 

VLT VLT NTT

VLT/FORS1+ISAAC+HAWK-I VLT/NACO NTT/EFOSC2+SOFI 
2001-2007 May 2008 Sep/Oct 2010

Mattila et al. (2008) 
Maund et al. (2014)





The motion of a star around the central black 
hole in the Milky Way 

ESO Science Release 226

VLT



Calibration of astronomical observations



Data reduction: removal of instrumental signatures



858 E. Kankare et al.

Table 1. Magnitudes of the SN 2009kn field stars (for the identifications, see Fig. 1). The 1σ statistical errors are given in brackets.

Star mU mB mV mR mI mJ mH mK

# (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)

1 14.722(0.005) 14.852(0.011) 14.313(0.026) 13.958(0.025) 13.717(0.049) 13.143(0.026) 12.920(0.031) 12.885(0.036)
2 16.063(0.012) 16.213(0.014) 15.652(0.027) 15.186(0.026) 14.919(0.044) 14.491(0.034) 14.243(0.047) 14.156(0.082)
3 17.224(0.021) 17.198(0.016) 16.510(0.022) 16.015(0.024) 15.694(0.040) 15.249(0.057) 14.958(0.083) 14.747(0.129)
4 17.388(0.024) 17.196(0.015) 16.455(0.023) 15.899(0.026) 15.562(0.041) 15.015(0.044) 14.525(0.056) 14.530(0.096)
5 14.388(0.006) 14.225(0.007) 13.546(0.045) 13.318(0.058) 12.977(0.196) 12.321(0.023) 12.033(0.026) 12.004(0.023)
6 16.615(0.016) 16.655(0.012) 15.960(0.017) 15.492(0.026) 15.131(0.042) 14.664(0.037) 14.369(0.049) 14.324(0.072)
7 15.489(0.008) 15.525(0.006) 14.867(0.008) 14.544(0.012) 14.256(0.027) 13.735(0.028) 13.514(0.030) 13.516(0.043)
8 16.586(0.014) 16.168(0.008) 15.380(0.013) 14.947(0.008) 14.592(0.026) 14.077(0.028) 13.782(0.033) 13.767(0.057)
9 15.010(0.007) 14.876(0.011) 14.185(0.011) 13.742(0.036) 13.433(0.050) 12.943(0.023) 12.654(0.025) 12.566(0.033)

10 14.669(0.006) 14.762(0.008) 14.223(0.010) 13.888(0.023) 13.647(0.048) 13.177(0.025) 12.938(0.026) 12.907(0.030)
11 16.181(0.012) 16.136(0.007) 15.525(0.009) 15.204(0.007) 14.926(0.022) 14.460(0.028) 14.220(0.039) 14.007(0.060)
12 15.107(0.006) 15.046(0.005) 14.345(0.018) 13.970(0.013) 13.644(0.050) 13.053(0.023) 12.668(0.027) 12.660(0.030)
13 17.828(0.038) 17.981(0.020) 17.442(0.017) 17.110(0.012) 16.744(0.030) – – –
14 15.806(0.012) 15.959(0.015) 15.506(0.009) 15.188(0.035) 14.848(0.051) 14.631(0.035) 14.387(0.045) 14.279(0.075)
15 16.208(0.013) 16.237(0.011) 15.685(0.010) 15.385(0.025) 15.110(0.042) 14.574(0.037) 14.273(0.043) 14.419(0.103)
16 16.554(0.016) 16.522(0.008) 15.891(0.015) 15.533(0.009) 15.125(0.030) 14.711(0.038) 14.373(0.054) 14.166(0.075)
17 14.933(0.009) 14.866(0.012) 14.175(0.010) 13.832(0.052) 13.525(0.069) 13.019(0.025) 12.704(0.026) 12.594(0.032)
18 14.814(0.007) 14.683(0.006) 14.080(0.008) 13.701(0.029) 13.385(0.036) 12.905(0.026) 12.643(0.025) 12.541(0.032)
19 18.566(0.069) 18.046(0.021) 17.196(0.013) 16.756(0.018) 16.286(0.016) – – –
20 17.727(0.037) 17.625(0.015) 16.891(0.012) 16.539(0.014) 16.050(0.019) – – –
21 17.487(0.028) 17.463(0.015) 16.850(0.014) 16.534(0.020) 16.155(0.024) – – –
22 17.822(0.037) 17.628(0.016) 16.898(0.011) 16.584(0.017) 16.104(0.018) – – –
23 16.545(0.018) 15.644(0.010) 14.660(0.026) 14.070(0.056) 13.442(0.086) 12.685(0.023) 12.157(0.027) 12.078(0.028)
24 16.149(0.015) 15.747(0.006) 15.013(0.012) 14.593(0.030) 14.202(0.044) 13.477(0.025) 13.029(0.029) 12.977(0.032)
25 16.069(0.015) 15.739(0.007) 15.024(0.007) 14.702(0.023) 14.294(0.035) 13.727(0.026) 13.374(0.033) 13.298(0.041)

Table 2. Optical photometry of SN 2009kn. The errors are given in brackets.

JD Epoch mU mB mV mR mI Telescope
(240 0000+) (d) (mag) (mag) (mag) (mag) (mag)

55131.0 15 – – – 16.623(0.164) – Pucketta

55140.0 24 – – – 16.407(0.533) – Puckett
55153.0 37 – – – 16.806(0.491) – Puckett
55161.7 46 16.612(0.018) 17.281(0.027) 16.995(0.009) 16.705(0.014) 16.494(0.015) NOT
55171.6 56 17.021(0.020) 17.515(0.009) 17.139(0.011) 16.843(0.014) 16.633(0.015) NOT
55176.6 61 17.255(0.026) 17.616(0.013) 17.211(0.013) 16.911(0.015) 16.666(0.017) NOT
55189.8 74 18.028(0.024) 18.061(0.022) 17.526(0.025) 17.168(0.031) 16.882(0.024) NTT
55193.6 78 – 18.159(0.071) 17.566(0.053) 17.177(0.062) 17.004(0.077) CA
55204.6 89 18.906(0.069) 18.551(0.059) 17.935(0.019) 17.550(0.022) 17.220(0.019) NOT
55209.6 94 – 18.882(0.016) 18.052(0.017) 17.646(0.013) 17.326(0.013) LT
55215.5 100 20.350(0.483) 19.186(0.129) 18.435(0.254) 17.679(0.172) 17.495(0.031) NOT
55216.6 101 – 19.314(0.055) 18.361(0.014) 17.882(0.015) 17.531(0.013) LT
55219.7 104 20.860(0.100) 19.632(0.025) 18.549(0.022) 18.044(0.043) 17.671(0.045) NTT
55224.5 109 – 20.384(0.182) 19.335(0.143) 18.989(0.055) 18.620(0.046) LT
55231.5 116 – 21.996(0.099) 20.791(0.135) 20.083(0.063) 19.814(0.042) NOT
55237.5 122 – 21.981(0.043) 20.940(0.033) 20.208(0.042) 19.895(0.029) LT
55245.7 130 – 22.135(0.081) 21.009(0.036) 20.307(0.036) 19.887(0.028) NTT
55260.7 145 – 22.212(0.062) 21.139(0.038) 20.445(0.056) 19.928(0.064) NTT
55273.4 157 – 22.483(0.040) 21.244(0.040) 20.686(0.030) 20.153(0.027) NOT
55296.4 180 – 22.739(0.085) 21.541(0.096) 20.904(0.069) 20.200(0.140) NOT
55475.9 360 – – – 21.974(0.102) 21.576(0.183) NTT
55561.6 446 – – >22.675 >21.918 21.968(0.491) NTT

aWe calibrated the Puckett Observatory unfiltered data in a similar way to the R-band photometry of SN 2009kn.

Taking into account the overall behaviour of the light curves,
SN 2009kn bears a closer resemblance to a Type IIP SN than
to SN 1998S. However, the colour curves are bluer than for a
Type IIP and similar to those of SN 1998S. The drop after the plateau
phase for SN 2009kn (and SN 1994W) is not particularly large

compared to Type IIP SNe. Elmhamdi, Chugai & Danziger (2003)
presented a sample of Type IIP SNe that showed a drop in brightness
in the range 1.5–3 mag. Even larger drops have been observed for
subluminous Type IIP SNe. SN 2005cs dropped by ∼3.8 mag in V
during a period of three weeks after the plateau phase (Pastorello

C⃝ 2012 The Authors, MNRAS 424, 855–873
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS

Downloaded from https://academic.oup.com/mnras/article-abstract/424/2/855/1004157
by guest
on 19 May 2018

SN 2009kn – the twin of SN 1994W 857

Figure 1. R-band 6.3×6.3 arcmin2 NOT/ALFOSC image of the SN 2009kn
field, JD = 245 5171.6. North is up and east to the left.

statistical uncertainty of the PSF fitting. The total error we report is
the quadratic sum of the aforementioned measurement error and the
standard error of mean of the zero-point values derived from indi-
vidual local stars used for the calibration. Most of the IRAF tasks were
run under the QUBA pipeline.8 The optical photometry of SN 2009kn
is reported in Table 2, and the NIR photometry in Table 3.

The local stars were also used to derive the World Coordinate
System (WCS) solution for the field. This yielded RA =
08h09m43.s044 and Dec. = −17◦44′51.′′12 (J2000.0) for SN 2009kn,
17.75 arcsec east and 15.27 arcsec north of the R-band nucleus of
the host galaxy MCG−03-21-006, corresponding to a projected dis-
tance of 8 kpc. Our coordinates differ slightly from those measured
by Gagliano et al. (2009). We believe that the larger discrepancy in
RA is due to a typo or an error in converting angles to seconds of RA.
The host galaxy has an inclination of 42◦ according to HyperLeda
(Paturel et al. 2003).

From the late epochs of our photometry, it is evident that the SN
is projected close to a point-like source, most likely an H II region
in the host galaxy. For the photometry of these epochs, the PSF was
fitted both to the SN and to the nearby source to prevent it from af-
fecting the PSF fitting. We obtain similar magnitudes of this nearby
source at different epochs: mB = 22.37 ± 0.18 mag, mV = 22.18 ±
0.09 mag, mR = 21.98 ± 0.12 mag and mI = 22.11 ± 0.10 mag. This
suggests that the source does not strongly contaminate our late-time
photometry. During the early plateau phase, the SN is much brighter
than this source, which therefore can be ignored.

3.2 Light curves

All our multiband photometric follow-up observations have been
conducted after maximum light, starting from 46 d after our adopted
explosion date JD = 245 5116. The absolute UBVRIJHK light
curves are shown in Fig. 2. The light curves show a declining plateau

8 PYTHON package specifically designed by SV for SN imaging and spectra
reduction. For more details on the pipeline, see Valenti et al. (2011).

phase extending ∼100 d from the explosion date. The plateau re-
sembles those shown by Type IIP SNe, which exhibit a distinctive
hydrogen recombination phase in their light curves. Assuming a
continuous plateau before the day 46 multiband observations, we
estimate that the SN absolute peak magnitude was roughly MB

≈ −18 mag. Compared to the average peak magnitudes of Type II
SNe (Richardson et al. 2002), SN 2009kn is ∼1 mag brighter than
the Type IIP SNe and ∼1 mag fainter than the Type IIn SNe in their
sample. Nevertheless, both Type IIP and Type IIn peak magnitude
distributions show a wide spread and SN 2009kn cannot be ex-
cluded from either of the two classes based on the early photometry.
SN 2009kn’s plateau was followed by a rapid drop of ∼2.4 mag in B
and ∼2.0 mag in V , R and I in just 12 d, similar to SN 1994W which
faded by ∼3.5 mag in V in 12 d (SCL98). From day 116 onwards,
the decline rates, measured using least-squares fitting, were γ B =
1.29 ± 0.12 mag (100 d)−1, γ V = 0.92 ± 0.11 mag (100 d)−1, γ R =
0.81 ± 0.04 mag (100 d)−1 and γ I = 0.72 ± 0.06 mag (100 d)−1.
Here we have included the measured magnitudes in R and I on day
360 and 446 in the fit, but not the upper limits in V and R. The slope
in V is comparable to the slope of 0.98 mag (100 d)−1 expected from
the radioactive decay of 56Co to 56Fe, assuming complete γ -ray and
e+ trapping. The slopes in R and I, however, are not as steep. This
could indicate ongoing CSM interaction which enhances the flux in
the Hα and Ca II triplet lines in R and I bands, respectively. For more
details, see Sections 4 and 5. See Section 3.3 for an analysis of the
decline of the bolometric light curve. The gradual slope after the
fast drop in the light curve is one of the main differences between
SN 2009kn and SN 1994W, the latter exhibiting a much steeper
decline rate.

In Fig. 3, the absolute VRI light curves of SN 2009kn and
SN 1994W are compared. The available photometry of SN 1994W
between days 20 and 50 consists only of amateur photometry, which
was converted to V-band magnitudes by SCL98. SN 1994W exhib-
ited a peak in the light curve at around 20–30 d from the date of
explosion, after which the light curve remained on a plateau-like
shape. For SN 2009kn, we are similarly missing early epoch pho-
tometry. We have derived R-band magnitudes from the available
unfiltered amateur images of SN 2009kn, shown in Fig. 2, but no
clear light-curve peak is seen.

In Fig. 4, we compare the absolute R-band light curve of
SN 2009kn with the light curves of a number of other SNe. The
plateau-like decline, the drop at epoch 100–120 d and the radioac-
tive 56Co tail observed for SN 2009kn are very similar to those of
a Type IIP SN, e.g. SN 2003hn, although other evidence points to
a different powering mechanism. Compared to other spectroscop-
ically classified Type IIn SNe (e.g. the well-followed SN 1998S),
SN 2009kn is very different. It shows no sign of the fast decline at
early times shown by SNe 1998S and 1999el, whose light curves
more closely resemble Type IIL SNe than a Type IIP. The pho-
tometric evolution of SN 2009kn is also very much unlike some
spectroscopically similar Type IIn events, e.g. SN 1995G.

The colour curves of SN 2009kn are shown in Fig. 5, together
with the colour evolution of some other SNe. The colour evolution of
SN 2009kn is fairly similar to that of SN 1998S, whereas SN 2009kn
is much bluer than the Type IIP SN 2003hn in all the optical colours.
This is particularly apparent in U − B at the early epochs. However,
the U − B colour of SN 2009kn shows a significant evolution and
increases from −0.8 mag to 1.1 mag from 46 to 104 d. On day 46,
the B − V , V − R and R − I colours are all ∼0.2 mag and increase
to 1.0, 0.4 and 0.3 mag, respectively, by day ∼100 when the plateau
phase ends. During the tail phase, the B − V and V − R colours do
not change, while R − I increases to ∼0.6 mag by day 180.
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Photometric calibration of imaging observations
● Need to calibrate observations from each night (different atmospheric conditions) 
● Can use field stars for precise relative calibration between different nights



SN 2009kn – the twin of SN 1994W 859

Table 3. NIR photometry of SN 2009kn. The errors are given in brackets.

JD Epoch mJ mH mK Telescope
(240 0000+) (d) (mag) (mag) (mag)

55191.7 76 16.425(0.026) 16.172(0.037) 15.961(0.049) NTT
55209.6 94 16.883(0.041) 16.661(0.041) – LT
55212.8 97 – – 16.417(0.047) LBT
55219.5 104 17.107(0.039) 16.984(0.044) 16.481(0.049) NOT
55244.8 129 – 18.842(0.032) 18.470(0.034) LBT
55246.7 131 19.208(0.061) 18.871(0.131) 18.390(0.150) NTT
55261.7 146 19.430(0.072) 19.095(0.114) 18.660(0.139) NTT
55305.6 190 19.665(0.202) 19.248(0.129) – NTT
55315.4 199 19.838(0.159) – – NOT
55532.9 417 21.162(0.121) 19.633(0.102) 18.414(0.046) LBT
55605.6 490 – 19.987(0.165) 18.668(0.109) NTT
55646.6 531 – 20.055(0.141) 18.904(0.120) NTT

Figure 2. Multiband absolute magnitude light curves of SN 2009kn. The
slope expected from radioactive decay is indicated by the dotted line. The
first three R-band points of photometry were derived directly from unfiltered
amateur observations of Gagliano et al. (2009) and are shown for complete-
ness. The symbols are for most points larger than the error bars. Possible
errors from determining the distance and extinction have not been propa-
gated. The solid lines show fitted slopes for the tail phase decline rates in
BVRI bands. See text for details.

et al. 2009). We also note that a fairly luminous Type IIP SN 2007od
dropped ∼6 mag from the plateau to the first observed tail phase
slope in roughly 200 d (Inserra et al. 2011).

3.3 Bolometric light curves

Pseudo-bolometric UBVRI, JHK and interpolated UBVRIJHK light
curves were created from available photometry of the SNe included
in the comparison. The extinction-corrected magnitudes were con-
verted into fluxes and integrated over the filter range using Simp-
son’s rule and the integrated fluxes were converted to luminosities
taking into account the distance moduli.

Both the well-sampled optical data of SN 2009kn and the less
comprehensive NIR data can be extrapolated and interpolated to
all the epochs of observations to derive a UBVRIJHK pseudo-
bolometric light curve. This is compared to those of several other
SNe in Fig. 6. When comparing with SN 1987A, we note that in
the early tail phase the pseudo-bolometric light curve follows the

Figure 3. Comparison of the absolute BVR light curves of SN 2009kn and
SN 1994W. The first three epochs of photometry of SN 2009kn are derived
directly from unfiltered images and shown for completeness as in Fig. 1.
The SN 1994W photometry (SCL98) is complemented with the unfiltered
photographic photometry obtained by amateur astronomers (SCL98, and
references therein) and corrected for B-band extinction.

radioactive decay fairly closely. Using least-squares fitting between
days 129 and 199, the best fit for the light-curve slope is γ = 0.90 ±
0.06 mag (100 d)−1. This is slightly slower than the pure radioac-
tive value, and could be explained by ongoing CSM interaction in
the tail phase. Epochs beyond day 199 were excluded from the tail
phase fit because of limited photometric coverage. Since spectral
observations seem to indicate that there is still an ongoing CSM
interaction in the early tail phase, the 56Ni mass we can derive from
the light-curve slope should be considered as an upper limit. As-
suming complete γ -ray trapping in the tail phase, the luminosity
and 56Ni mass ratio of SN 2009kn can be derived by comparison
with SN 1987A. Comparing the pseudo-bolometric UBVRIJHK lu-
minosities of SNe 2009kn and 1987A at day 146 and taking a 56Ni
mass of 0.069 M⊙ for SN 1987A (Bouchet et al. 1991), we esti-
mate a 56Ni mass ≤0.023 M⊙ for SN 2009kn. As a comparison,
SCL98 derived a 56Ni mass ≤0.015 M⊙ for SN 1994W. No sign of
a NIR excess is seen in the JHK pseudo-bolometric light curve of
SN 2009kn during the first 200 d.
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SN 2009kn – the twin of SN 1994W 857

Figure 1. R-band 6.3×6.3 arcmin2 NOT/ALFOSC image of the SN 2009kn
field, JD = 245 5171.6. North is up and east to the left.

statistical uncertainty of the PSF fitting. The total error we report is
the quadratic sum of the aforementioned measurement error and the
standard error of mean of the zero-point values derived from indi-
vidual local stars used for the calibration. Most of the IRAF tasks were
run under the QUBA pipeline.8 The optical photometry of SN 2009kn
is reported in Table 2, and the NIR photometry in Table 3.

The local stars were also used to derive the World Coordinate
System (WCS) solution for the field. This yielded RA =
08h09m43.s044 and Dec. = −17◦44′51.′′12 (J2000.0) for SN 2009kn,
17.75 arcsec east and 15.27 arcsec north of the R-band nucleus of
the host galaxy MCG−03-21-006, corresponding to a projected dis-
tance of 8 kpc. Our coordinates differ slightly from those measured
by Gagliano et al. (2009). We believe that the larger discrepancy in
RA is due to a typo or an error in converting angles to seconds of RA.
The host galaxy has an inclination of 42◦ according to HyperLeda
(Paturel et al. 2003).

From the late epochs of our photometry, it is evident that the SN
is projected close to a point-like source, most likely an H II region
in the host galaxy. For the photometry of these epochs, the PSF was
fitted both to the SN and to the nearby source to prevent it from af-
fecting the PSF fitting. We obtain similar magnitudes of this nearby
source at different epochs: mB = 22.37 ± 0.18 mag, mV = 22.18 ±
0.09 mag, mR = 21.98 ± 0.12 mag and mI = 22.11 ± 0.10 mag. This
suggests that the source does not strongly contaminate our late-time
photometry. During the early plateau phase, the SN is much brighter
than this source, which therefore can be ignored.

3.2 Light curves

All our multiband photometric follow-up observations have been
conducted after maximum light, starting from 46 d after our adopted
explosion date JD = 245 5116. The absolute UBVRIJHK light
curves are shown in Fig. 2. The light curves show a declining plateau

8 PYTHON package specifically designed by SV for SN imaging and spectra
reduction. For more details on the pipeline, see Valenti et al. (2011).

phase extending ∼100 d from the explosion date. The plateau re-
sembles those shown by Type IIP SNe, which exhibit a distinctive
hydrogen recombination phase in their light curves. Assuming a
continuous plateau before the day 46 multiband observations, we
estimate that the SN absolute peak magnitude was roughly MB

≈ −18 mag. Compared to the average peak magnitudes of Type II
SNe (Richardson et al. 2002), SN 2009kn is ∼1 mag brighter than
the Type IIP SNe and ∼1 mag fainter than the Type IIn SNe in their
sample. Nevertheless, both Type IIP and Type IIn peak magnitude
distributions show a wide spread and SN 2009kn cannot be ex-
cluded from either of the two classes based on the early photometry.
SN 2009kn’s plateau was followed by a rapid drop of ∼2.4 mag in B
and ∼2.0 mag in V , R and I in just 12 d, similar to SN 1994W which
faded by ∼3.5 mag in V in 12 d (SCL98). From day 116 onwards,
the decline rates, measured using least-squares fitting, were γ B =
1.29 ± 0.12 mag (100 d)−1, γ V = 0.92 ± 0.11 mag (100 d)−1, γ R =
0.81 ± 0.04 mag (100 d)−1 and γ I = 0.72 ± 0.06 mag (100 d)−1.
Here we have included the measured magnitudes in R and I on day
360 and 446 in the fit, but not the upper limits in V and R. The slope
in V is comparable to the slope of 0.98 mag (100 d)−1 expected from
the radioactive decay of 56Co to 56Fe, assuming complete γ -ray and
e+ trapping. The slopes in R and I, however, are not as steep. This
could indicate ongoing CSM interaction which enhances the flux in
the Hα and Ca II triplet lines in R and I bands, respectively. For more
details, see Sections 4 and 5. See Section 3.3 for an analysis of the
decline of the bolometric light curve. The gradual slope after the
fast drop in the light curve is one of the main differences between
SN 2009kn and SN 1994W, the latter exhibiting a much steeper
decline rate.

In Fig. 3, the absolute VRI light curves of SN 2009kn and
SN 1994W are compared. The available photometry of SN 1994W
between days 20 and 50 consists only of amateur photometry, which
was converted to V-band magnitudes by SCL98. SN 1994W exhib-
ited a peak in the light curve at around 20–30 d from the date of
explosion, after which the light curve remained on a plateau-like
shape. For SN 2009kn, we are similarly missing early epoch pho-
tometry. We have derived R-band magnitudes from the available
unfiltered amateur images of SN 2009kn, shown in Fig. 2, but no
clear light-curve peak is seen.

In Fig. 4, we compare the absolute R-band light curve of
SN 2009kn with the light curves of a number of other SNe. The
plateau-like decline, the drop at epoch 100–120 d and the radioac-
tive 56Co tail observed for SN 2009kn are very similar to those of
a Type IIP SN, e.g. SN 2003hn, although other evidence points to
a different powering mechanism. Compared to other spectroscop-
ically classified Type IIn SNe (e.g. the well-followed SN 1998S),
SN 2009kn is very different. It shows no sign of the fast decline at
early times shown by SNe 1998S and 1999el, whose light curves
more closely resemble Type IIL SNe than a Type IIP. The pho-
tometric evolution of SN 2009kn is also very much unlike some
spectroscopically similar Type IIn events, e.g. SN 1995G.

The colour curves of SN 2009kn are shown in Fig. 5, together
with the colour evolution of some other SNe. The colour evolution of
SN 2009kn is fairly similar to that of SN 1998S, whereas SN 2009kn
is much bluer than the Type IIP SN 2003hn in all the optical colours.
This is particularly apparent in U − B at the early epochs. However,
the U − B colour of SN 2009kn shows a significant evolution and
increases from −0.8 mag to 1.1 mag from 46 to 104 d. On day 46,
the B − V , V − R and R − I colours are all ∼0.2 mag and increase
to 1.0, 0.4 and 0.3 mag, respectively, by day ∼100 when the plateau
phase ends. During the tail phase, the B − V and V − R colours do
not change, while R − I increases to ∼0.6 mag by day 180.
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Photometric calibration of imaging observations
● Need to calibrate observations from each night (different atmospheric conditions) 
● Can use field stars for precise relative calibration between different nights



● Absolute astrometry in a real coordinate system 
● E.g., reporting the coordinates of a newly discovered supernova 

● Relative (or differential) astrometry wrt other objects in the observed field 
● Object position in image coordinates (x,y) 

● Alignment of images 
● Can usually identify a number of point sources (stars) common in both images  
● Apply geometric transformation for x and y shifts, pixel scale, rotation 

 

Astrometric calibration of imaging observations



Determining positions of objects in the images 

● For absolute/relative astrometry need to measure accurate (x,y) coordinates 
   for the objects in the images 
● Centroiding most commonly used: calculate the intensity weighted mean in (x,y) 
● Gaussian fitting with fixed FWHM separately in x and y 
● PSF fitting (needed in crowded fields) 



Geometric transformations: shift 

Derive a geometric transformation to align image A (xA, yA) to image B (xB, yB) 

Number of free parameters: 2

xB=a+xA

y B=by A

Geometric transformations: shift

Derive a geometric transformation to align image A (x
A
, y

A
) to image B (x

B
, y

B
)

Number of free parameters: 2



Geometric transformations: rotation 

Derive a geometric transformation to align image A (xA, yA) to image B (xB, yB) 

Number of free parameters: 1 (2 if different for x and y)

Geometric transformations: rotation

x B=x Acos −y Asin 

y B=x Asiny A cos 

Derive a geometric transformation to align image A (x
A
, y

A
) to image B (x

B
, y

B
)

Number of free parameters: 1 (2 if different for x and y)



Geometric transformations: scale 

Derive a geometric transformation to align image A (xA, yA) to image B (xB, yB) 

Number of free parameters: 1 (2 if different for x and y)

Geometric transformations: scale

x B=Sx x A

y B=Sy y A

Derive a geometric transformation to align image A (x
A
, y

A
) to image B (x

B
, y

B
)

Number of free parameters: 1 (2 if different for x and y)



Geometric transformations: general 

Derive a geometric transformation to align image A (xA, yA) to image B (xB, yB) 

Number of free parameters: 4 (if rotation and scale the same for x and y) 
                                             6 (if different rotation and scale for x and y) 
                                             ≥10 (if including also a distortion term)



Discovery of supernovae by precise alignment, PSF 
matching and subtraction of images

VLT epoch 1 VLT epoch 2



Advanced astronomical instrumentation



used for WFS and the distance between the reference source and the object
of interest.

In case of  good conditions and a bright,  nearby reference source, the
correction is  good and the resulting point  spread function (PSF) is  very
close to the diRraction limit. 

A good correction in the K-band corresponds to a SR larger than 30%. 

At shorter wavelengths (particularly in the J-band) or in the case of poor
conditions or a faint, distant reference source, the correction is only partial
- the Strehl ratio may only be a few percent.

Figure 3-1: Principle of Adaptive Optics

3.3. Infrared Observations with an AO system

Observing in the IR with an AO system is, in broad terms, very similar to
observing with other IR instruments. One has to deal with high and variable
backgrounds  and  modest  detector  cosmetics.   In  general,  the  IR
background,  particularly  at  longer  wavelengths,  is  higher  for  an  IR
instrument with an AO system, because of the additional optics in an AO
system.  Additionally,  the  classical  chop  and  nod  technique,  which  is
commonly used for the LW Flters in non-AO systems, works less well as the
DM introduces background Quctuations that do not cancel perfectly. This
does  not  degrade  L-band  observations  but  it  may  degrade  M-band
observations.  Given  the  relatively  small  Feld  of  view  of  CONICA,  it  is
possible to observe in the L-band without having to chop and nod. However,
the overheads are relatively large (typically 50-100%) because the sky has
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Adaptive Optics imaging



FWHM = 1” natural seeing FWHM = 0.1” (AO corrected)



Integral-field spectroscopy





MUSE on the VLT









Big data



Large Synoptic Survey Telescope
Opening a Window of Discovery on the Dynamic Universe

• 8.4 m primary mirror 
• 3.2 Gpixel camera (3.5 deg FOV) 
• 1000 images per night - 9600 deg2 (41 250 deg2 in the whole celestial sphere) 
• ~450 calibration exposures 
• ~20 TB of raw data per 24 hr 
• 107 “alerts” per night 
• Final data: 0.5 Exabytes 
• Final database: 15 PB 

Petabyte = 1000 TB 
Exabyte = 1000 PB
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Figure 1. Schematic of the ANTARES architecture. The processing pipeline is enclosed by the black dashed line. The core

machine learning stages described in this work and depicted in Fig. 10 are bracketed in yellow.

1000 images (~20 terabytes of raw data) / night 
~107 alerts per night 

~106 alerts per night 

~103 alerts per night 

~102 alerts per night 



Already, the first phase of the SKA will 
produce ~260 TB of raw data per 
second (~1 Exabytes per hour) !!


