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Luminous	
 infrared	
 galaxies

1011 < LIR(L⊙) < 1012

·Almost	
 all	
 are	
 interacting	
 and/or	
 merging	
 systems

·SFR	
 typically	
 above	
 

·May	
 also	
 have	
 AGN	
 contribution

	
 (especially	
 in	
 the	
 most	
 luminous	
 ones	
 --	
 e.g.	
 ULIRGs)

·A	
 significant	
 contribution	
 toward	
 the	
 cosmic	
 SFR

·Total	
 luminosities:	
 10	
 -	
 100	
 times	
 the	
 

luminosity	
 of	
 the	
 Milky	
 Way	
 

·~90%	
 of	
 energy	
 emitted	
 at	
 IR	
 wavelengths

·Galaxy	
 evolution	
 is	
 hidden	
 behind	
 dust!

·

50M⊙yr−1

The	
 Bird
Vaisanen+2007

The	
 Antennae
Whitmore+1997



LIRGs	
 and	
 the	
 co-moving	
 IR	
 energy	
 density
The IR luminosity function of galaxies at z = 1 and z ∼ 2 33
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Fig. 15.— The evolution of the comoving bolometric IR luminosity density with redshift. The filled upward-pointing triangle and
circle at redshifts z = 1 and z = 1.93 indicate the estimations of the respective bolometric IR luminosity density obtained in this work:
ΩIR = (1.2 ± 0.2) × 109 and (6.6+1.2

−1.0) × 108 L"Mpc−3. The density at z = 0.2 has been obtained from the bolometric IR LF derived
from the 8 µm LF by Huang et al. (2006). The red thick solid line corresponds to an interpolation between these redshifts, assuming a
[(1+z2)/(1+z1)]x evolution. The red thin solid lines indicate error bars on this evolution. Blue dashed and and orange dotted-dashed lines
show the contributions of LIRG and ULIRG, respectively, at different redshifts. Other symbols refer to IR luminosity densities taken from
the literature, and based on different datasets: ISO mid-IR (Flores et al. 1999; left-hand-pointing triangles), Spitzer mid-IR (Le Floc’h et
al. 2005 and Pérez-González et al. 2005; right-hand-pointing triangle and asterisks, respectively), sub-millimetre (Barger et al. 2000 and
Chapman et al. 2005; small and large diamond-like symbols, respectively) and radio (Haarsma et al. 2000; downward-pointing triangle).
Some of these IR luminosity densities have been obtained from the star-formation rate densities compiled by Hopkins et al. (2004) and
converted with the Kennicutt (1998) formula SFR = 1.72 × 10−10 LIR.

Caputi+2007

(U)LIRGs	
 are	
 rare	
 in	
 the	
 local	
 Universe.	
 	
 

The	
 major	
 contributors	
 of	
 the	
 CSFR	
 from	
 z	
 ~	
 1	
 and	
 further	
 beyond.	
 

Elbaz+2012
Le	
 Floch+2005

Cowie+2004
Caputi+2007

Gruppioni+2013



The	
 SUNBIRD	
 survey
(SUperNovae	
 and	
 starBursts	
 in	
 the	
 InfraReD)

To	
 understand	
 the	
 star-formation	
 histories	
 of	
 intensely	
 star-forming	
 galaxies

Science	
 goals:	
 star	
 formation	
 mechanisms,	
 metallicities	
 &	
 kinematics,	
 gas	
 	
 
inflows/outflows,	
 search	
 for	
 core-collapse	
 SNe,	
 study	
 super	
 star	
 clusters	
 (SSCs)

Sample:	
 42	
 galaxies	
 including	
 local	
 starbursts	
 and	
 interacting	
 LIRGs	
 imaged	
 
with	
 K-band	
 NIR	
 adaptive	
 optics.	
 Ancillary	
 data	
 from	
 HST	
 and	
 VLA	
 
observations	
 (+40	
 more,	
 ongoing).

See	
 Ryder	
 et	
 al	
 (2014,	
 arXiv:	
 1408.0598)



The	
 sample

	
 	
 PSF	
 resolution	
 ~	
 0.1”

30 � DL (Mpc) � 200

·Gemini-N,	
 ALTAIR/NIRI

·VLT/NACO	
 S27/S54

7 < SFR (M⊙yr−1) < 120

10.6 � log (LIR/L⊙) � 11.9

Randriamanakoto	
 et	
 al.	
 2013	
 a,b
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Southern	
 African	
 Large	
 Telescope	
 
in	
 Sutherland	
 South	
 Africa
(www.salt.ac.za)

Spectroscopic	
 observations	
 using	
 the	
 long-slit	
 RSS	
 for	
 spatially-resolved	
 
spectra	
 of	
 30+	
 LIRGs	
 (PhD	
 thesis,	
 Rajin	
 Ramphul):

	
 -	
 stellar	
 populations	
 and	
 SFHs	
 from	
 continuum
	
 -	
 metallicities	
 from	
 both	
 continuum	
 and	
 emission	
 lines
	
 -	
 H-alpha	
 and	
 NaD	
 lines	
 probing	
 warm	
 and	
 cool	
 ISM	
 flows,
	
 	
 	
 mass	
 loading,	
 	
 	
 kinematics

ALL	
 as	
 a	
 function	
 of	
 the	
 LIRG	
 environment	
 and	
 interaction	
 stage	
 

The	
 SUNBIRD/SALT	
 survey
(SUperNovae	
 and	
 starBursts	
 in	
 the	
 InfraReD)

AO imaging and spectroscopy of a LIRG merger 889

Figure 1. The NACO image of IRAS 19115−2124 (obtained on 2004 April 13) is at the top, and the three slit positions observed with SALT/RSS are indicated,
as are the main components of the interacting system, discussed and named in Section 3.1.1. At lower left-hand panels are the HST B and I images, and at
lower right-hand panel the combined BIK three-colour image. All tick marks are in 1 arcsec intervals, and the brightness scales are logarithmic, except for the
three-colour image.

completely cover the galaxy system, and because of the varying slit
size in the short- and long-wavelength part of the IRS spectrum, we
multiplied the SL section of this final spectrum by a factor of 1.6
and the LL section by 1.2. These corrections were estimated from
flux falling outside the slits in the IRAC and MIPS maps, and we
estimate them to be accurate to ∼10–15 per cent. The IRS spectrum
agrees with broad-band photometry after the correction.

3 A NA LY S I S

3.1 System characteristics from imaging

3.1.1 General morphology and photometry

On the basis of the K-band NACO AO image alone, IRAS
19115−2124 appears to be a major merger system with at least

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 384, 886–906

AO imaging and spectroscopy of a LIRG merger 891

Figure 3. The reduced 2D spectrum around the Hα and N II lines from three
different PAs. The main components of the merging system are indicated,
see Fig. 1. The bright emission lines can be traced for over 20 arcsec, i.e. 20
kpc.

accuracy, which will be needed in mass estimates later.
First of all, we do not find point-source components from the

central parts of the galaxy system. The Heart of the Bird, the ap-
parent barred spiral galaxy, is a combination of a de Vaucouleurs
bulge component and an exponential disc. The best-fitting effective
radius for the disc component is re = 1.2 kpc using a 1D profile
along the semimajor axis (see Fig. 7), and when fit out to a distance
of 1 arcsec. GALFIT turned out to be quite sensitive to the adopted
‘sky’ value, i.e. in this case the value assigned to the underlying light
from the tidal tails and other neighbouring components. With a re-
alistic range of experiments, GALFIT produces a range of re = 1.1–
2.3 kpc, consistent with the simpler method. Table 3 gives the best-
fitting GALFIT parameters for all components. The derived bulge-
to-disc ratio with these parameters is B/T = 0.09, i.e. typical of
late-type spirals. The lower left-hand panel in Fig. 6 shows the resid-

ual image after subtraction of both the bulge and disc components
using GALFIT.

The Body of the Bird, a very disturbed galaxy, was more difficult
to fit using GALFIT, and impossible with simple exponential and/or
de Vaucoulers components. Using a 1D slice through the galaxy
(Fig. 7) out to a distance of 1 arcsec, a single Sersic profile with
n = 2.2 and re = 2.5 kpc is the best fit. Using GALFIT, a reasonable
fit is found with two separate Sersic profiles with n = 2.3 and 1.6
for the nuclear and outer region components, respectively. Though
the best fit here was again sensitive to the background value, and the
index n is coupled to the radius, a reasonable range of parameters
resulted in re ≈ 1.0–2.3 kpc. The right-hand panel of Fig. 6 shows
the original surface brightness distribution, and the residual after
the best-fitting subtraction, which reveals a complicated underlying
appearance, with evidence for a bar-like structure extending NE–
SW, and perhaps remains of spiral arms. It is also noteworthy that
regardless of the other parameters, the 2D GALFIT profile for the nu-
clear region of the Body is always ‘boxy’ (with the GALFIT boxyness
parameter c ≈ +0.6).

3.1.3 Search for supernovae in NACO images

We have NACO K-band images obtained at two different epochs
separated by 153 d. This allows us to search for SNe that have
exploded within the nuclear regions of IRAS 19115−2124 during
this period or before the first epoch image. The images were aligned,
subtracted and analysed in the manner described in Mattila et al.
(2007), where we detected the SN 2004ip in a similar NACO data
set of the LIRG IRAS 18293−3413. No obvious point sources were
found from the subtracted images (Fig. 8). We then estimated SN
detection limits by placing simulated sources made from a real point
spread function of a nearby bright star in a grid of locations within the
nuclear regions of the Bird prior to the image subtraction. We used
an aperture radius of 0.15 arcsec and a sky annulus between 0.20 and
0.30 arcsec for measuring both the noise and the simulated sources
in the subtracted images. This yielded K = 21.5 as the 3σ limiting
magnitude for the nuclear SN detection within the Head. Within
the Body, where larger image subtraction residuals were seen, we
obtain a 3σ limiting magnitude of K = 21.3. However, within the
innermost ∼0.3 arcsec (or ∼300 pc) diameter of the Body the SN
detection is more difficult and an SN of K = 21 mag would remain
undetected in our NACO images.

3.1.4 Superstar cluster candidates

To create a list of SSC candidates we searched for all point sources in
the ACS images within the NACO image FOV – 83 were found – and
aperture photometry was performed in 0.2 arcsec radii apertures and
the background measured in the surrounding 0.1 arcsec sky annuli.
Aperture corrections for each ACS image were applied (Sirianni
et al. 2005), and Galactic extinction was corrected for. Identical
apertures were then used on the aligned NACO image, and 78 of the
83 point sources were detected, two of them marginally (crosses in
Fig. 9). Aperture corrections of 0.84 mag were applied, determined
from brighter isolated point sources in the field; scatter is of the
order of 0.1 mag, and a small dependence on the distance to the
WFS reference star was ignored, since it is smaller than the scatter.

Fig. 9 shows plots of the SSC candidates, the different symbols
differentiate between point sources inside the Bird system (45 of
them, open diamonds), and those outside the system (31, filled cir-
cles). The largest single concentration of these point sources is along

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 384, 886–906

Vaisanen+2007



Super	
 star	
 cluster	
 (SSC)	
 studies	
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Legacy	
 from	
 the	
 CCSNe	
 datasets
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The	
 capabilities	
 of	
 NIR	
 AO	
 systems

Optical	
 -	
 HST/ACS NIR-VLT/NACO
High	
 angular	
 resolution

PSF	
 ~	
 0.1	
 arcsec



LIRGs:	
 good	
 laboratories	
 to	
 study	
 SSCs

NGC	
 1819ESO	
 221-IG008

NGC	
 4038/4039
The	
 Antennae

A	
 pioneering	
 discovery	
 from	
 the	
 
Hubble	
 Space	
 Telescope

Host	
 hundreds	
 to	
 thousands	
 of	
 
SSCs

SSCs	
 are	
 found	
 whenever	
 there	
 is	
 
strong	
 SF	
 activity

Westerlund	
 1

R136	
 in	
 the	
 30	
 Doradus



Motivation	
 ...

104−7 M⊙103.5−6 M⊙

∼ 3− 5 pc∼ 0.3− 4 pc

∼ 104 M⊙pc−310−1 − 104.5

3− 100 Myr10− 12 Gyr

SSC GC

Mass

Size 

Density
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The	
 role(s)	
 of	
 the	
 star	
 cluster	
 host	
 galaxies	
 
in	
 the	
 cluster	
 formation,	
 evolution	
 and

disruption	
 mechanisms?

Motivation	
 ...

Starbursts
Interacting	
 LIRGs



1.	
 Star	
 cluster	
 luminosity	
 functions
Whitmore+2014

·20	
 normal	
 spiral	
 star-forming	
 galaxies	
 from	
 the	
 Hubble	
 Heritage

·Luminosity	
 distance	
 <	
 30	
 Mpc	
 

·average:	
 	
 2.37+/-0.18	
 (F814W)

Vavilkin	
 2011

·87	
 LIRGs	
 in	
 the	
 HST-GOALS	
 sample

·Luminosity	
 distance	
 in	
 between	
 ~	
 35	
 -	
 200	
 Mpc

·median:	
 1.86+/-0.27	
 (F435W)

	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 1.77+/-0.24	
 (F814W)	
 

The	
 difference	
 in	
 the	
 power-law	
 slope	
 range:	
 

‣two	
 distinct	
 types	
 of	
 host	
 galaxies

‣blending	
 effects?
log (LIR/L⊙) > 11.4 => SFR > 44 M⊙yr−1

SFR < 2.43 M⊙yr−1



1.	
 The	
 K-band	
 SSC	
 luminosity	
 functions
Randriamanakoto+2013a,	
 Randriamanakoto+,	
 in	
 prep

MK

MK

lo
g

N

constant variable

average 1.92 1.93

median 1.86 1.88

scatter 0.24 0.26

1.5 < α < 2.4

The	
 whole	
 SSC	
 sample	
 with	
 
a	
 completeness	
 level	
 of	
 

-14.5	
 mag:

1.82 1.88 1.78

2.05

1.91

2.31

2.29

2.17

1.86

1.84

1.78

1.74

1.45

1.53

2.31

2.09

1.53

1.64

1.75

1.65

1.97

1.74 1.81

1.872.00

1.751.97

2.27 2.12 2.41

2.411.88 2.08



Randriamanakoto+2013a,	
 Randriamanakoto+,	
 in	
 prep

The	
 effects	
 of	
 blending	
 on	
 the	
 SSC	
 LFs:

30 � DL (Mpc) � 200

The	
 effects	
 should	
 not	
 be	
 significant	
 for	
 targets	
 closer	
 than	
 ~100	
 Mpc.

However,	
 use	
 the	
 smallest	
 aperture	
 size	
 to	
 recover	
 the	
 intrinsic	
 SSC	
 
counts	
 (see	
 also	
 Bastian+2014).

A	
 weak	
 correlation
r	
 =	
 -	
 0.25	
 +/-0.15

From	
 the	
 binned	
 data	
 points:
r	
 =	
 -	
 0.67	
 +/-0.21

0 10 20 30 40 50
Rate blending (%)

0.2

0.4

0.6

0.8

1.0

∆
α

αinit = 1.5

αinit = 1.8

αinit = 2.0

αinit = 2.3

constant variable

average 1.92 1.93

median 1.86 1.88

scatter 0.24 0.26

Vavilkin	
 2011
Miralles-Caballero+2011
Adamo+2010,	
 2011

Redshifted	
 Antennae

MC	
 simulations

Correlation	
 search

1.	
 The	
 K-band	
 SSC	
 luminosity	
 functions



2.	
 Magnitude	
 of	
 the	
 brightest	
 cluster	
 vs.	
 log	
 SFR
Weidner+	
 2004	
 
Bastian	
 2008,	
 
Adamo+2011

M brightest
V ∼ −1.87(±0.06)× SFR



2.	
 Magnitude	
 of	
 the	
 brightest	
 cluster	
 vs.	
 log	
 SFR

host	
 galaxies:
BCGs	
 with	
 high	
 SFRs

Does	
 the	
 relation	
 still	
 hold	
 
at	
 larger	
 SFR	
 levels?

	
 i.e.	
 by	
 considering	
 brightest	
 
clusters	
 hosted	
 by	
 galaxies	
 
with	
 extreme	
 environments

Weidner+	
 2004	
 
Bastian	
 2008,	
 
Adamo+2011

M brightest
V ∼ −1.87(±0.06)× SFR



·SSC	
 selection

·Blending

·SSCs	
 vs	
 foreground	
 stars

2.	
 The	
 brightest	
 SSC	
 NIR-mag	
 vs	
 SFR	
 relation
Randriamanakoto+2013b

·r	
 =	
 0.50	
 +/-0.02

·a	
 scatter	
 of	
 0.62mag	
 (1mag	
 in	
 the	
 optical	
 relation,	
 Larsen	
 2002)



V - K ~ 2

2.	
 The	
 brightest	
 SSC	
 NIR-mag	
 vs	
 SFR	
 relation
Randriamanakoto+2013b

A	
 size-of-sample	
 effect

Physical	
 truncation	
 at	
 high	
 masses	
 
=>	
 tight	
 scatter	
 of	
 the	
 relation



3.	
 The	
 star	
 cluster	
 frequency
	
 	
 	
 	
 (number	
 of	
 clusters	
 per	
 time	
 interval)

M83,	
 Bastian+2012

dN/dτ ∼ t−ζ

ζ = 1
ζ �= 1

·Constant	
 disruption:	
 

·Mass-dependent:	
 

What	
 is	
 the	
 role	
 of	
 the	
 
environment?



4.	
 The	
 star	
 cluster	
 formation	
 efficiency
(the	
 fraction	
 of	
 SF	
 happening	
 in	
 bound	
 SCs)

Adamo+2015

Chap. 1 Introduction

However, they suggested that the cluster mass distribution still follows a PL but with a

varying index rather than a constant value of β ∼ 2.

1.4.4 The cluster formation efficiency

Bastian (2008) refers to the fraction of star formation happening in bound stellar clusters

as cluster formation efficiency (CFE or Γ). The author derives the value of such fraction

by using the following expression:

Γ(%) =
CFR

SFR
× 100 (1.7)

where SFR is the host galaxy star formation rate and CFR the cluster formation rate.

The latter parameter is the total mass Mtot formed in clusters at a certain age interval

∆t divided by the duration of time of such an interval, i.e.:

CFR =
Mtot

∆t
(1.8)

In the solar neighborhood, the value of Γ has been found to remain relatively constant:

Γ � 5% by Lada & Lada (2003), Γ � 7% by Lamers & Gieles (2008), and Γ � 3% for

the SMC by Gieles & Bastian (2008). However, subsequent SSC extragalactic studies

ruled out the concept of a constant parameter and rather suggested an environmentally-

dependent CFE (Goddard et al. 2010; Adamo et al. 2011). Such arguments were sup-

ported with the predictions by e.g. Boily & Kroupa (2003), Pelupessy & Portegies Zwart

(2012) and Kruijssen (2012). In fact, the fraction has been found to go beyond 40 % in

high-SFR luminous blue compact galaxies (Adamo et al. 2011). Figure 1.13 shows the

latest version of the CFE - SFR surface density (ΣSFR) relation taken from Adamo &

Bastian (2015). The correlation between the two parameters is thought to be a mere

reflection of the CFE - gas density relation which means that high SFE environments

produce more GMCs and are thus expected to have more stars forming in bound stellar

clusters. However, the use of a diverse type of galaxies (normal spirals, starbursts, etc)

to draw Γ−ΣSFR relation has raised some doubts. An inhomogeneous sample combined

with low spatial resolution could affect the upper trend of the relation by showing a

spurious increase of Γ at high SFR densities.

To circumvent such bias and to check the robustness of the relation, Silva-Villa et al.

(2013) investigated the variation of the parameter Γ as a function of the galactocentric

radius in the field of M83, a nearby gas-rich spiral. The fraction of stars remaining in

bound clusters was found to decrease with increasing radius, and hence with decreasing

gas density on sub-galactic scales. The central cluster formation efficiency of 30 % is

relatively high compared to the fractions of 15% (at R ∼ 1 kpc) and 4% (at R > 2.7 kpc)

at other galactocentric radii (Goddard et al. 2010; Silva-Villa et al. 2013). The values

of Γ based from the star cluster properties of NGC 2997 were also consistent with such

32

Bastian	
 2008

A	
 reflection	
 of	
 the	
 CFE	
 -	
 gas	
 density	
 relation

=>	
 high	
 SFE	
 environments	
 produce	
 more	
 GMCs	
 	
 
	
 	
 	
 	
 	
 =>	
 more	
 stars	
 are	
 expected	
 to	
 form	
 in	
 bound	
 stellar	
 clusters



3	
 &	
 4.	
 Properties	
 of	
 optically-selected	
 SSCs

UBI-bands,	
 HST/WFC3	
 UVIS	
 (GOALS,	
 PI:	
 Evans)
K-band	
 AO	
 NIR	
 imaging

BI-bands,	
 HST/ACS	
 (GOALS,	
 PI:	
 Bond)
K-band	
 AO	
 NIR	
 imaging

IRAS	
 F17138-1017 IC	
 883

IRAS	
 18293-3413 ESO	
 550-IG025

Randriamanakoto+,	
 in	
 prep;	
 Vaisanen+,	
 in	
 prep



Randriamanakoto+,	
 in	
 prep;	
 Vaisanen+,	
 in	
 prep
3	
 &	
 4.	
 Properties	
 of	
 optically-selected	
 SSCs



Randriamanakoto+,	
 in	
 prep;	
 Vaisanen+,	
 in	
 prep

ζ = 1.50
Γ = 10 %

ζ = 1.54
Γ = 16 %

SFR = 52± 18 M⊙yr−1

SFR = 77± 27 M⊙yr−1

Γ = 12± 2 %
NGC	
 3256,	
 an	
 ongoing	
 starburst	
 merger
Goddard+	
 2010

3	
 &	
 4.	
 Properties	
 of	
 optically-selected	
 SSCs



Randriamanakoto+,	
 in	
 prep;	
 Vaisanen+,	
 in	
 prep

Similar	
 cases:

CAUTION:	
 BIK-filters	
 only
Stochastic	
 effects	
 due	
 to	
 RSGs	
 and	
 AGBs

Gazak+13

NGC	
 2328,	
 Vaisanen+14 NGC	
 5253,	
 de	
 Grijs+13

Turnover	
 of	
 
the	
 mass	
 function
in	
 all	
 age	
 bins

mass-dependent
dissolution	 of	 clusters
in	 a	 rapid	 timescale

3	
 &	
 4.	
 Properties	
 of	
 optically-selected	
 SSCs



Summary,	
 Conclusion	
 &	
 Future	
 directions

SUNBIRD	
 is	
 an	
 ongoing	
 survey	
 of	
 nearby	
 starbursts	
 and	
 LIRGs.

SSC	
 LF	
 power-law	
 slopes	
 of	
 intensely	
 star-forming	
 galaxies	
 differ	
 from	
 those	
 of	
 
more	
 quiescent	
 galaxies.	
 

Size-of-sample	
 effect	
 is	
 still	
 the	
 main	
 driver	
 of	
 the	
 NIR	
 brightest	
 cluster	
 
magnitude	
 -	
 SFR	
 relation,	
 though	
 physical	
 process	
 should	
 not	
 be	
 ruled	
 out.

Cluster	
 mass-dependent	
 disruption	
 mechanism	
 for	
 Arp	
 299	
 and	
 with	
 a	
 rapid	
 
dissolution	
 in	
 the	
 case	
 of	
 IRAS	
 18293-3413

=>	
 High	
 SFR	
 host	
 galaxies	
 are	
 good	
 laboratory	
 to	
 study	
 the	
 effects	
 of	
 
the	
 environments	
 on	
 the	
 star	
 cluster	
 formation,	
 evolution	
 and	
 disruption.

How	
 does	
 the	
 cluster	
 disruption	
 affect	
 smaller	
 scales	
 of	
 the	
 galactic	
 fields?

Where	
 in	
 the	
 CFE	
 -	
 SFR	
 density	
 relation?


