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Astrophysics in a Golden Age 

 Full coverage of electro-magnetic spectrum  
MAGIC/HESS/VERITAS àFermi/INTEGRAL à XMM/Chandra/Swift/Rossi 
XTE à Galex à HST/Gaia à ground-based optical/IR à ISO/Spitzer à 
Herschel à Planckà IRAM/JCMT/APEX/ALMA/NOEMA à radio 
telescopes 

 



Joint Annual Meeting ÖPG, SPG, ÖGAA and SGAA | Vienna | 4 September 2015 

Astrophysics in a Golden Age 

 Full coverage of electro-magnetic spectrum  
MAGIC/HESS/VERITAS àFermi/INTEGRAL à XMM/Chandra/Swift/Rossi 
XTE à Galex à HST/Gaia à ground-based optical/IR à ISO/Spitzer à 
Herschel à Planckà IRAM/JCMT/APEX/ALMA/NOEMA à radio 
telescopes 
Ø  cover 20 orders of magnitude in frequency/wavelength/

energy 

 Astro-particles joining  

• cosmic rays, neutrinos, gravitational waves,  
dark matter searches  
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Spectacular Results 

 Cosmology with Planck (see François’ talk) 

 Discovery of Dark Energy 
Ø Physics Nobel Prize 2011 

 Constancy of Fundamental Constants 
Ø fine-structure constant, proton- to electron-mass ratio 

 Exo-planets and planetary systems 

 Discovery of pre-biotic molecules 

 Nucleosynthesis and stellar explosions 
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European Southern Observatory 

 Mission 
Ø  Develop and operate world-class observing facilities  for 

astronomical research 

Ø  Organize collaborations in astronomy 

 Intergovernmental treaty-level organization 
Ø Founded in 1962 by 5 countries 

Ø Today 15 member states, Brazil will become 16th 

 Observatories in Chile 
Ø La Silla Paranal: VLT, VLTI, 3.6m, NTT, VISTA, VST 

Ø Chajnantor: APEX and ALMA partnerships 

 Headquarters in Garching and Office in Santiago 

 Annual budget of ~140 million € 
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European Southern Observatory 
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ESO’s World 

Garching bei München 

Santiago 

La Silla 

Paranal 
Chajnantor 
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ESO 

Observatories La Silla and Paranal in operation  

8 Telescopes, plus 4 telescopes for Interferometry 

APEX in operation on Chajnantor 

Atacama Large Millimeter Array (ALMA) 

Public data archive 

ESO Extremely Large Telescope under construction 

Headquarters in Garching, Germany 

Representation in Santiago de Chile 

Joint ALMA Office in Santiago 
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ESO Facilities 

 Optical near-infrared observatories 
Ø most sensitive to hot black body 

radiation (T>1000 K) 
Ø atomic transitions 
Ø some molecular transitions 
Ø Very Large Telescope (VLT) 
Ø Survey telescopes (VISTA and VST) 
Ø Extremely Large Telescope (E-ELT) 

 mm-wavelength observatories 
Ø cold objects (T<100K) 
Ø rotational and vibrational transitions in 

molecules 
Ø Atacama Large Millimeter Array (ALMA) 
Ø Atacama Pathfinder EXperiment (APEX) 
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The VLT is the  world´s most productive ground-based facility:  
more than one scientific paper per day! 
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Paranal 2015 
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One of the 8m telescopes 
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VLTI - Very Large Telescope Interferometry 
The VLTI is a virtual 100-Meter Telescope
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Some Results 

 Supermassive black hole at the centre of the Milky 
Way 
Ø test GR in strong gravity 

 Discovery of accelerated  
expansion through supernovae 
Ø test GR in weak gravity 

 Characterisation of exo-planets 
Ø stability of planetary systems 

Ø exo-planet atmospheres 

Ø search for life 

 Constancy of fundamental constants 
Ø no changes of fine-structure constant and mp/me 
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 Mass determination through  
stellar orbits (about 40 known) 
Ø M ≈ 4⋅106 M¤ 

 Structure around the black  
hole revealed through flashes 

 Post-Newtonian effects predicted 
for the next passage of star S2 
Ø direct test of GR in the strong field 

Black hole at the Centre of the Milky Way 
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Galactic Centre 

 Pericenter shift probes the nature of the black hole 
Ø measure post-Newtonian effects 

Higher order terms necessary to take into account  
GR in the strong gravity regime 
GRAVITY at VLTI aims at constraining them 
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Cosmology with high resolution 

 Measure absorption lines of intervening 
galaxies towards quasars 

 Determine line shifts due to changing fine 
structure constant 
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   VLT/UVES absorber: Δα/α=0 
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   VLT/UVES absorber: Δα/α=10-4 



Joint Annual Meeting ÖPG, SPG, ÖGAA and SGAA | Vienna | 4 September 2015 

Currently no change detected 

16 Evans et al.

Figure 9. The final measurements for �↵/↵ from each absorption system in our study. Keck
:::
VLT measurements are represented as blue circles, VLT

::::
Keck

as red squares, and Subaru as green triangles. Each measurement also shows the statistical uncertainty in a bold error bar and the full systematic uncertainty
is added on to the end of the statistical error bars as in a finer line with elongated terminators. Note that the three absorption systems are z

abs

= 1.143,
z
abs

= 1.342 and z
abs

= 1.802 for each telescope and they have only been offset in the plot for clarity.

the dipole model prediction at the position of each quasar line
of sight. For both quasars, the results from the Large Programme
measurements are consistent with the dipole prediction. Indeed,
they are more consistent

:::::
(lower

:::
�2) with the dipole prediction than

with zero variation in ↵: if we combine the statistical and system-
atic uncertainties in quadrature for each of the 4 measurements,
�2

= 1.63 when compared to the dipole model and �2

= 5.11
when compared to �↵/↵ = 0. However, the results are clearly
still consistent with �↵/↵ = 0 and we obviously cannot rule that
null hypothesis out with our Large Programme measurements so
far.

Finally, we note that King et al. (2012) previously measured
�↵/↵ = 0 from UVES spectra in 5 of the 6 absorbers towards
HE 2217�2818 studied by Molaro et al. (2013) – they did not
measure �↵/↵ from z

abs

= 1.692. Also, Murphy et al. (2004)
used HIRES to measure �↵/↵ in all 3 of the absorbers towards
J1551+1911 measured here. In all cases, the two sets of measure-
ments agree within 1� (using the quadrature sum of uncertainties
from both sets) for each absorption system. There is also no ev-
idence systematic offset of those previous studies’ measurements
with respect to the Large Programme ones.

5.2 Implications of measured velocity distortions

A unique feature of the current work is the use of three different
telescopes to measure �↵/↵ and to comprehensively probe the ef-
fect of velocity distortions (over both short and long wavelength
ranges). We have used the quasar spectra themselves to quantify the
relative long-range distortions between the 3 spectra and this pro-
vides direct (albeit relative) information about systematic errors on
�↵/↵. However, this relative distortion information was achored
to an absolute scale using supercalibration exposures. In this study,
the Keck supercalibrations – asteroid spectra calibrated against a
laboratory FTS solar spectrum – were found to be the most stable.

Figure 11. All of the Large Programme results so far. The absorption
systems towards J1551+1911 are presented in blue with the same sym-
bols as in Fig. 9. The absorption systems observed with the VLT towards
HE 2217�2818 are presented as green circles (from Molaro et al. 2013).
The measurements cover a redshift range of 0.787 6 z

abs

6 1.802 and
give a weighted mean (not accounting for correlation between our measure-
ments) of �↵/↵ presented in the figure.

They also bracketed the quasar exposures. These points provide
confidence that the long-range distortions derived from the Keck
supercalibrations also apply to the Keck quasar spectra. Therefore,
by combining the Keck supercalibrations and the DC method, we
were able to correct all quasar spectra for long-range velocity dis-
tortions, thereby minimizing the systematic errors in �↵/↵ they
would have caused.

Although using the Keck supercalibrations to anchor the long-
range distortion analysis seems well justified, it is useful to consider

c� 2003 RAS, MNRAS 000, 1–19

Molaro et al. (2013) 
Evans et al. (2014) 
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 Adiabatic expansion of the universe predicts 
Ø TCMB(z)=T0(1+z) 

•  deviations would indicate violation of equivalence principle or non-
conservation of photons 

 Direct excitation of interstellar molecules 
Ø Measure rotational transitions of CO as absorption line at 

different redshifts 
•  excitation energy close to the CMB temperature 

Temperature of the CMB 
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Temperature of the CMB 

  

Fundamental physics workshop at ESO Garching by München, September 18-19, 2014

TCMB (z)

 = -0.007 +/- 0.027⇥
(steady-state ruled out at 37σ)

Srianand+00

Ge+97

Songaila+94, Cui+05

Molaro+02

Srianand+08

Noterdaeme+10b

Noterdaeme+11
Luzzi+09

Pasquier Noterdeame 
β=-0.007±0.027 
excludes the steady state 
model by 37σ 
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Planets, planets, planets 

 Planets everywhere 
Ø Radial velocities 

Ø Direct imaging 

Ø Transits 

 Characterisation 
Ø Planetary systems 

Ø masses 

Ø chemical composition 

Ø temperatures 

Figure 1: Detection methods for extra-solar planets, updated from Perryman (2000). The lower
extent of the lines indicates, roughly, the detectable masses that are in principle within reach of
present measurements (solid lines), and those that might be expected within the next 10–20 years
(dashed). The (logarithmic) mass scale is shown at left. The miscellaneous signatures to the upper
right are less well quantified in mass terms. Solid arrows indicate (original) detections according
to approximate mass, while open arrows indicate further measurements of previously-detected
systems. ‘?’ indicates uncertain or unconfirmed detections. The figure takes no account of the
numbers of planets that may be detectable by each method.

1.2 The Search for Earth-Mass Planets and Habitability

The search for planets around stars in general, and Earth-mass planets in particular,
is motivated by efforts to understand their frequency of occurrence (as a function
of mass, semi-major axis, eccentricity, etc) and their formation mechanism and, by
analogy, to gain an improved understanding of the formation of our own Solar Sys-
tem. Search accuracies will progressively improve to the point that the detection of
telluric planets in the ‘habitable zone’ will become feasible, and there is presently no
reason to assume that such planets will not exist in large numbers. Improvements
in spectroscopic abundance determinations, whether from Earth or space, and de-
velopments of atmospheric modelling, will lead to searches for planets which are
progressively habitable, inhabited by micro-organisms, and ultimately by intelligent
life (these may or may not prove fruitful). Search strategies will be assisted by
improved understanding of the conditions required for development of life on Earth.

2

Perryman et al. 2005 
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Exo-Planets 

 Emphasis is shifting 
Ø most discoveries expected through transits 

Ø characterisation of atmospheres 

Ø discovery of Earth-like planets 

Ø characterisation of hot Jupiters 

 Requires different instruments 
Ø Many global ongoing surveys  

•  Next Generation Transit Surveys (NGTS – Paranal) 

•  dedicated telescopes hosted at ESO sites (e.g. Swiss Euler) 

•  future space missions (TESS, CHEOPS, PLATO) 

Ø Continued radial velocity surveys 
•  masses through the combination with the transits 

Ø Atmosphere characterisation 
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The ESO exo-planet machinery 
 High-resolution spectrographs  
Ø HARPS at 3.6m telescope 

•  best radial velocity machine at a 4m  
telescope, extremely stable spectrograph 

Ø ESPRESSO at VLT in the future 
 Adaptive Optics cameras 
Ø NACO/SPHERE 

•  imaging, direct detection 

 Adaptive Optics spectrographs 
Ø NACO/SINFONI/FORS2 

•  atmospheres of exo-planets 

 Interferometry 
Ø highest spatial resolution for follow-up  

observations of known systems 

 Infrared high-resolution spectrographs 
Ø CRIRES+, NIRPS 

•  spectroscopy of atmospheres 
•  low mass host stars à Earth mass planet search 
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β Pic planet 

 Planet (~10 Mjup) within the massive dust disk  

 Orbit only a few AU 

 NACO imaging 

 SPHERE imaging 
Ø planet – star separation 

•  ~350 mas 

Lagrange et al. 2009, A&A, 493, L21 
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ALMA 

 Observe the cold universe  
Ø wavelengths from 300 μm to 1.3 mm (1 THz to 200 GHz) 

 Global Partnership 
Ø Europe (ESO), North America (USA/NSF and Canada/NRC),  

East Asia (Japan/NINS, Taiwan/NSC/ASIAA, South Korea/
KASI) 

 66 antennas located at 5000m altitude 
Ø 50 12m antennas 
Ø 12 7m + 4 12m antennas (compact array) 
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HL Tau 

ALMA 
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Complex molecules in space 

 Detection of sugar molecule  
Ø glycolaldehyde HCOCH2OH and several alcohols  

•  e.g. methyl formate, ketene (CH2CO), trans-ethanol (t-C2H5OH) 

Ø Class 0 binary proto-star with about solar mass 

Jørgensen et al. 2012 

ρ Oph 

Jørgensen et al. 2012 
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SN 1987A   
an example of a multi-wavelength study 

 Neutrino source at explosion 

 Follow-up observations for 28 years 
Ø HST, VLT, Chandra, XMM/Newton, ATCA 3

Figure 1. Evolution of the ring collision from 1994 to 2014 (days 2,270 - 9,975) from a combination of HST B- and R-band images. The
brightness of the ring has been reduced by a factor of 20 by applying a mask to the images. This makes it possible to see the morphology
of the ring at the same time as the faint ejecta and regions outside. The flux scale is otherwise the same for all panels. Note that the spot
seen to the south-west already in the first image is a star. Note also that the color evolves with time, which is consistent with the upper
panel in Fig. 2. The size of the field is 2.100 ⇥ 1.800. North is up, east is left.
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Figure 2. Upper panel: R and B band light curves of the full
ring from HST photometry. Middle panel: Light curve in individ-
ual emission lines from the shocked ring from spectroscopy with
VLT/UVES, using a 0.800slit. Note the di↵erent scales on the ver-
tical axis in the panels and the scaling factors for the B-light curve
and the lines. Bottom panel: The same for the narrow H↵, [N II]
�6583 and [O III] �5007 lines from the un-shocked clumps.

phase ended ⇠ 8, 000 days after the explosion and the

hotspots are now fading in our observations that extend
to 9,975 days.
The flux from the hotspots peaked earliest on the east

side of the ring. After the peak they, however, all decay,
with the south-east decaying most rapidly. Light curves
for the individual spots show that the most rapid fading
is now in the southeast (Fig. 3, middle panel).
The high-resolution spectroscopy from the UVES al-

lows us to separate the contribution to the light curve
from the un-shocked ring (emitting narrow lines) and the
shocked hotspots (emitting lines with typical velocities
⇠ 300 km s�1) In the middle panel of Fig. 2 we show the
light curves of three di↵erent lines from the shocked gas
(H↵, [Fe XIV] �5303 and [O III] �5007), which all show
a similar evolution as the HST light curves. In the lower
panel we show the fluxes of the strongest narrow lines
from the un-shocked gas (H↵, [N II] �6583 and [O III]
�5007). Up to ⇠7,000 days the unshocked [O III] and H↵
lines increase in flux, caused by pre-ionization by the soft
X-rays. After this epoch all three lines, however, decline
more steeply than the lines from the shocked gas.
From UVES observations of H↵ we also find that the

shocks are radiative up to at least ⇠ 700 km s�1, and
possibly up to ⇠ 1, 000 km s�1, depending on the angle
of the shocks relative to the line of sight (Gröningsson
et al. 2008, Migotto et al., 2015, in prep.). This can
be compared to the velocities derived from the proper
motions in Sect. 2, where the average was found to be
⇠ 540 km s�1. Although the radial and proper motion
velocities are in perpendicular directions, the 43� inclina-
tion of the ring results in a similar correction, assuming
that the expansion is radial from the explosion centre.

HST - Fransson et al. 2015 

The Astrophysical Journal Letters, 782:L2 (6pp), 2014 February 10 Indebetouw et al.

Figure 1. Top row: continuum images of SN 1987A in ALMA Bands 3, 6, 7, and 9 (2.8 mm, 1.4 mm, 870 µm and 450 µm respectively). The spatial resolution is
marked by dark blue ovals. In Band 9 it is 0.33 × 0.′′25, 15% of the diameter of the equatorial ring. At Bands 7, 6, and 3 the beams are 0.69 × 0.′′42, 0.83 × 0.′′61, and
1.56 × 1.′′12, respectively. At long wavelengths, the emission is a torus associated with the supernova shock wave; shorter wavelengths are dominated by the inner
supernova ejecta. The bottom row shows images of the continuum at 6.8 mm imaged with the Australia Telescope Compact Array (ATCA; Zanardo et al. 2013, 0.′′25
beam), the hydrogen Hα line imaged with the Hubble Space Telescope (HST; Image courtesy of R. Kirshner and the SAINTS collaboration; see also Larsson et al.
2013), and the soft X-ray emission imaged with the Chandra X-Ray Observatory (Helder et al. 2013).

Table 1
Flux Densities

Component ν λ Fν Epoch Telescope Angular Ref.
(GHz) (mJy) Res.

Torus 36.2 8.3 mm 27 ± 6 2008 ATCA 0.′′3 Potter et al. (2009)
Torus 44 6.8 mm 40 ± 2 2011 ATCA 0.′′3 Zanardo et al. (2013)
Torus 90 3.2 mm 23.7 ± 2.6 2011 ATCA 0.′′7 Lakićević et al. (2012b)
Both 110 2.8 mm 27 ± 3 2012 ALMA 1.′′3 This Letter
Torus 215 1.4 mm 17 ± 3 2012 ALMA 0.′′7 This Letter
Ejecta 215 1.4 mm <2 2012 ALMA 0.′′7 This Letter
Torus 345 870 µm 10 ± 1.5 2012 ALMA 0.′′5 This Letter
Ejecta 345 870 µm 5 ± 1 2012 ALMA 0.′′5 This Letter
Torus 680 440 µm <7 2012 ALMA 0.′′3 This Letter
Ejecta 680 440 µm 50 ± 15 2012 ALMA 0.′′3 This Letter
Both 860 350 µm 54 ± 18 2010 Herschel 24′′ Matsuura et al. (2011)
Both 860 350 µm 44 ± 7 2011 APEX 8′′ Lakićević et al. (2012a)
Both 1200 250 µm 123 ± 13 2010 Herschel 18′′ Matsuura et al. (2011)
Both 1900 160 µm 125 ± 42 2010 Herschel 9.′′5 Matsuura et al. (2011)
Both 3000 100 µm 54 ± 18 2010 Herschel 13.′′5 Matsuura et al. (2011)

(Figure 3). This implies that that the carbon dust mass is much
higher today than the 5 × 10−4 M⊙ measured two years after the
explosion (Wooden et al. 1993; Ercolano et al. 2007), and that
within uncertainties nearly all of the 0.23 ± 0.1 M⊙ of carbon
(Thielemann et al. 1990; Woosley & Heger 2007) released in
the explosion is now in dust. The dust mass depends on opacity,
temperature, and optical depth but is quite robustly constrained
by the data. We use amorphous carbon opacity κ = 10 and
3 cm2 g−1 at 450 and 870 µm, respectively (Rouleau & Martin
1991). Values in the literature range from 2 to 10 cm2 g−1 at
450 µm (e.g., Planck Collaboration et al. 2013; Jager et al.
1998); using a lower value would only raise the dust mass. Our

analysis of CO emission observed with ALMA and Herschel
finds >0.01 M⊙ of CO in SN 1987A (Kamenetzky et al. 2013).
Within uncertainties, the carbon in dust and CO does not yet
exceed the nucleosynthetic yield, but as future observations
refine the CO and dust masses, strong constraints may be placed
on nucleosynthesis, chemistry, dust coagulation, or all three.

The temperature is quite well constrained by these data, and
theoretical models predict a similar temperature. Cooling by
adiabatic expansion and radiation is offset by heating from
44Ti decay and by external X-ray heating from the shocks.
The current gas temperature in the absence of X-ray heating is
modeled to be 20–100 K (Fransson et al. 2013). Models predict

3

SN 1987A in 2013 
Indebetouw et al. 2014 
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SN 1987A 

The Astrophysical Journal Letters, 782:L2 (6pp), 2014 February 10 Indebetouw et al.

Figure 2. Emission from the synchrotron torus of SN 1987A as a function of wavelength, on the same intensity color scale. Emission from the inner ejecta has been
subtracted to isolate the torus. The 6.8 mm ATCA image (Zanardo et al. 2013) has been smoothed to 0.′′55 beam similar to the ATCA 3.2 mm (0.′′7; Lakićević et al.
2012b) and ALMA images.

Figure 3. Spatially separated ALMA flux densities of the torus (green) and inner ejecta (red). Previous measurements are marked in black (Potter et al. 2009; Zanardo
et al. 2013; Lakićević et al. 2012a, 2012b; Matsuura et al. 2011). Measurements at longer wavelengths dominated by shock emission have been scaled to the epoch
of the ALMA observations according to the light curve Fν ∝e((t−5000)/2231) at 44 GHz (Zanardo et al. 2010); the original flux densities at their epochs of observation
are shown as open circles. The spectral energy distribution (SED) of the torus is a power law Fν ∝ να with a single index α = −0.8 ± 0.1 (green dashed line). The
SED of the inner ejecta is fit well by a model of dust emission—shown here is 0.23 M⊙ of amorphous carbon dust at 26 K (red dashed line), and a combination of
amorphous carbon and silicate dust (0.24 M⊙ and 0.39 M⊙ respectively, both at 22 K, two lower magenta dotted lines sum to the upper dotted line).

that significant X-rays do not yet penetrate inward as far as the
2 × 1017 cm radius of the ALMA 450 µm emission (Fransson
et al. 2013). The compact and centrally peaked 450 µm emission
supports this interpretation, since external heating would likely
result in more limb-brightened or extended dust emission. Since
the ionization fraction is below 1% (Larsson et al. 2013), less
than ∼40% of the X-ray flux will go into heating (Xu & McCray
1991), and <5% of the observed total flux 4.7 × 1036 erg s−1

(Helder et al. 2013) is intercepted by the ejecta. Even if it
did reach the dusty inner core, the energy deposition would be
<10% of the heating from 44Ti decay (Jerkstrand et al. 2011).
The best-fit dust mass Md scales approximately as T −2

d , and
Md > 0.1 M⊙ for Td < 50 K.

The emission is optically thin at 450 µm, and Md is insensitive
to unresolved clumpiness: If 0.23 M⊙ of dust uniformly filled a
region the size of the ALMA emission, the peak surface density

would be 0.02 g cm−2, with an optical depth τ450 <0.2. If the
dust is clumpy, each clump remains optically thin unless the
filling fraction is less than ∼2%; a filling fraction of 10%–20%
was fitted to the infrared spectrum (Lucy et al. 1991; Ercolano
et al. 2007) and consistent with the CO clump filling factor
of 0.14 fitted to ALMA CO emission (Kamenetzky et al.
2013). Analytical formulae for radiative transfer in dense clumps
(Városi & Dwek 1999) indicate that the effective optical depth
of the ensemble of clumps remains low over a very wide range
of clump filling fraction and number.

The data can also be fit by a combination of carbona-
ceous and silicate (Mg2SiO4) dust (Figure 3; dotted line), al-
though the mass of carbonaceous dust cannot be significantly
reduced because amorphous carbon has the highest submillime-
ter opacity κ among minerologies similar to the interstellar
medium, and eliminating it would require dust masses of other
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Figure 1. Top row: continuum images of SN 1987A in ALMA Bands 3, 6, 7, and 9 (2.8 mm, 1.4 mm, 870 µm and 450 µm respectively). The spatial resolution is
marked by dark blue ovals. In Band 9 it is 0.33 × 0.′′25, 15% of the diameter of the equatorial ring. At Bands 7, 6, and 3 the beams are 0.69 × 0.′′42, 0.83 × 0.′′61, and
1.56 × 1.′′12, respectively. At long wavelengths, the emission is a torus associated with the supernova shock wave; shorter wavelengths are dominated by the inner
supernova ejecta. The bottom row shows images of the continuum at 6.8 mm imaged with the Australia Telescope Compact Array (ATCA; Zanardo et al. 2013, 0.′′25
beam), the hydrogen Hα line imaged with the Hubble Space Telescope (HST; Image courtesy of R. Kirshner and the SAINTS collaboration; see also Larsson et al.
2013), and the soft X-ray emission imaged with the Chandra X-Ray Observatory (Helder et al. 2013).

Table 1
Flux Densities

Component ν λ Fν Epoch Telescope Angular Ref.
(GHz) (mJy) Res.

Torus 36.2 8.3 mm 27 ± 6 2008 ATCA 0.′′3 Potter et al. (2009)
Torus 44 6.8 mm 40 ± 2 2011 ATCA 0.′′3 Zanardo et al. (2013)
Torus 90 3.2 mm 23.7 ± 2.6 2011 ATCA 0.′′7 Lakićević et al. (2012b)
Both 110 2.8 mm 27 ± 3 2012 ALMA 1.′′3 This Letter
Torus 215 1.4 mm 17 ± 3 2012 ALMA 0.′′7 This Letter
Ejecta 215 1.4 mm <2 2012 ALMA 0.′′7 This Letter
Torus 345 870 µm 10 ± 1.5 2012 ALMA 0.′′5 This Letter
Ejecta 345 870 µm 5 ± 1 2012 ALMA 0.′′5 This Letter
Torus 680 440 µm <7 2012 ALMA 0.′′3 This Letter
Ejecta 680 440 µm 50 ± 15 2012 ALMA 0.′′3 This Letter
Both 860 350 µm 54 ± 18 2010 Herschel 24′′ Matsuura et al. (2011)
Both 860 350 µm 44 ± 7 2011 APEX 8′′ Lakićević et al. (2012a)
Both 1200 250 µm 123 ± 13 2010 Herschel 18′′ Matsuura et al. (2011)
Both 1900 160 µm 125 ± 42 2010 Herschel 9.′′5 Matsuura et al. (2011)
Both 3000 100 µm 54 ± 18 2010 Herschel 13.′′5 Matsuura et al. (2011)

(Figure 3). This implies that that the carbon dust mass is much
higher today than the 5 × 10−4 M⊙ measured two years after the
explosion (Wooden et al. 1993; Ercolano et al. 2007), and that
within uncertainties nearly all of the 0.23 ± 0.1 M⊙ of carbon
(Thielemann et al. 1990; Woosley & Heger 2007) released in
the explosion is now in dust. The dust mass depends on opacity,
temperature, and optical depth but is quite robustly constrained
by the data. We use amorphous carbon opacity κ = 10 and
3 cm2 g−1 at 450 and 870 µm, respectively (Rouleau & Martin
1991). Values in the literature range from 2 to 10 cm2 g−1 at
450 µm (e.g., Planck Collaboration et al. 2013; Jager et al.
1998); using a lower value would only raise the dust mass. Our

analysis of CO emission observed with ALMA and Herschel
finds >0.01 M⊙ of CO in SN 1987A (Kamenetzky et al. 2013).
Within uncertainties, the carbon in dust and CO does not yet
exceed the nucleosynthetic yield, but as future observations
refine the CO and dust masses, strong constraints may be placed
on nucleosynthesis, chemistry, dust coagulation, or all three.

The temperature is quite well constrained by these data, and
theoretical models predict a similar temperature. Cooling by
adiabatic expansion and radiation is offset by heating from
44Ti decay and by external X-ray heating from the shocks.
The current gas temperature in the absence of X-ray heating is
modeled to be 20–100 K (Fransson et al. 2013). Models predict
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Distant galaxies with ALMA 

 Follow-up of mm sources discovered with the South 
Pole Telescope (SPT) 
Ø Detected many high-redshift galaxies (<z>=3.5) 

Ø 860µm ALMA imaging (Cycle 0 – 16 antennas) 
•  47 candidates à several clearly lensed sources 

•  Integration times 1 minute 

•  2 objects at z=5.7 with high star formation rate > 500 M¤ yr-1 

Viera et al. Nature 2013; Hezaveh et al. ApJ 2013 
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Viera et al. Nature 2013 
Weiss et al. ApJ 2013 

■ Secure redshifts for many sources 
Ø ALMA 3mm spectroscopy 

Ø Integration times about 10 minutes 
•  Lines detected of 12CO, 13CO,  CI,  H2O 

Distant galaxies with ALMA 
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ESO’s next project - E-ELT 
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Cerenkov Telescope Array 

 Southern array potentially to be placed near Paranal/
Armazonas 

cta-observatory.org 


