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Spectroscopic surveys of emission-line & UV-excess galaxies
(a substantial fraction of which are star-forming dwarf galaxies – SFDGs)



  

Extragalactic systems in the distant universe 
Blue, irregular sub-galactic units in the process of merging



  

Andromeda Galaxy (M31)

M32

● compact narrow-emission 
line galaxies – CNELGs

● luminous blue compact 
galaxies  – LBCGs

 ● green peas 

 Absolute Magnitude 10 (?) .. 19 B mag ; diameter: 0.5 … 10 kpc (Milky Way ≃ 30 kpc)
  Stellar mass M: 106 … 109 M⊙; i.e. ~1/104  … ~1/10 of the mass of a spiral galaxy
  Typically irregular morphology
  blue colors → intense, galaxywide star forming activity   1 kpc = 3.1× 1019 m

Compact low-mass starburst galaxies in the distant Universe
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Evolution of the cosmic star formation rate (SFR) density

i) Star-forming dwarf galaxies account for ∼1/3 of the cosmic SFR density at z∼1 (cf Guzman et al. 1998)
ii) From z=1 to z=0 (today) the cosmic star formation rate density has decreased by an order of magnitude. 
Normal galaxies underwent their major formation phase several Gyr ago. 
Galaxies with high specific star formation rate (sSFR = SFR/M✶), such as starburst dwarf galaxies 
are comparatively rare in the local Universe. 
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Blue Compact Dwarf (BCD/HII)
(morphologically heterogeneous)

NGC 1705

Dwarf Irregular (dI)
NGC 6822

Dwarf Elliptical (dE)
VCC 0856

Dwarf Galaxies in the local universe
dSph

?

Other recently discovered
types of dwarf galaxies

●Ultra-faint dwarfs
● Ultra-compact dwarfs
● Tidal Dwarf Galaxies



  
Formation of low-mass self-gravitating 
entities out of tidally ejected matter 
in interacting/merging galaxy pairs.

Tidal Dwarf Galaxies

Duc et al. (1997)

Barnes & Hernquist (1996)



  

Why to study dwarf galaxies?
 ... dominate by number &  many nearby systems 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

source: www.sdss.org

←

Pustilnik et al. (1995)



  

Why to study dwarf galaxies?
 They dominate by number & are nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

Martinez-Delgado et al. (2010) Ripples and shells in (gant) ellipticals (example: NGC 5128; 
Centaurus A): relics from the infall of satellite galaxies



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

←

- Reionization has probably been powered by massive stars / low-mass proto-galaxies and was finalized 
  one Gyr (z∼6) after the BB
- By then QSOs appeared (but their volume density sharpy decreases for z>3) 
- Lyman continuum photon (LyC) escape from forming dwarf galaxies (!)
- Connection between LyC escape and Lyman α photon emission

Bergvall et al. (2013)

Leitet et al. (2013)



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

HST image of the starburst component of the 
blue compact dwarf (BCD) galaxy He 2-10

Kennicutt & Evans (2012)



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

∆(BCD)

Guseva et al. (2009)

Luminosity-metallicity relation
for star-forming galaxies



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

Leitherer et al. (1992)

←

←

a: Mass loss rate b: Stellar wind velocity

a

b

Prinja et al. (1990)



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction)

←

Brohm et al. (2012)

Expected SKA image at z=10-20 (imprint of first stars or galaxies) 

Latif et al. (2011)

Böhringer & Hensler (1987)

∝T1/2 ne
2 Z2 Z: atomic number



  

Why to study dwarf galaxies?
 They dominate by number & nearby 
 Building blocks of normal galaxies
 Most important sources of re-ionization
 Wide range in burst parameter, star formation rate 

   (SFR) & specific SFR
 Most metal-poor galaxies known

   (the best local analogs of the first galaxies formed)
 ”Simple” & dust-poor (i.e. low intrinsic extinction) ←

Arp 220 (ULIRG)

NGC 6822 (dwarf irregular)

≠



  

(some) Questions

 Star formation- and chemical enrichment history of SFDGs 
   (and dwarf galaxies in general)

 Dynamical evolution of SFDGs 

 Origin and implications of starburst activity in SFDGs

 Evolutionary connections between SFDGs (i.e. late-type dwarfs, such as 
  dIs and BCD/HII galaxies) and early-type (dEs, dSphs) DGs

 Role of the environment

 Connection between evolutionary status, metallicity and morphology 



  

Observational biases in studies of DGs

a) Malmquist bias

b) the surface brightness bias



  

The surface brightness bias 
Malin 1

NGC 4571

Low-surface brightness (LSB) galaxies are probably numerous but difficult to detect (consequently, their 
statistics are strongly biased). 
Typical central surface brightness:  μ0≥23.5-25.0 mag arcsec-2 i.e. x 10 fainter than the night sky (!)

VCC 1052 (from Sandage & Binggeli 1983, 
see also Kormendy & Bender 2012)



  

The surface brightness bias 

Low-surface brightness (LSB) galaxies are probably numerous but difficult to detect (consequently, their 
statistics are strongly biased). 
Typical central surface brightness:  μ0≥23.5-25.0 mag arcsec-2 i.e. x 10 fainter than the night sky (!)

Patterson & Thuan (1996)



  

Dwarf Galaxies:
some empirical relations



  

Gas mass fraction

Geha et al. (2006)

dwarfs

c)



  

Assembly history of the stellar component galaxies & galaxy downsizing

Brinchmann et al. (2004)

Noeske et al. (2007)

td: stellar mass doubling time

b)

a)

← dwarf galaxies



  

L(H) -  Relation

 Correlation between the luminosity and velocity dispersion of the Hβ emission line

  Possible distance indicator (calibration is uncertain though)
 

Melnick et al. (1987, MNRAS 226, 849)



  

Molecular H2 gas in late-type dwarf galaxies

Taylor et al. (1998)
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L(CO) → H2 mass conversion via the α factor
(depends on the assumed kinetic temperature Tb 
and particle density n)

Sage et al.  (1992)



  

The role of the environment on the evolution of SFDGs



  

Early-to-late type dwarf galaxy distribution as a function of the environment

The morphological distribution of dwarf galaxies depends on their environment.
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dI+BCD

dI+BCD
dI+BCD



  Hester et al. (2010)Gavazzi et al. (2009)

Ha

Ha

The late-type dwarf galaxy
IC 3418 in the Virgo Cluster

Clust
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Infalling (normal and dwarf) late-type galaxies in galaxy clusters: 
Initial star formation episode induced by the contact with the ICM and 
subsequent loss of gas through ram pressure stripping

Ha

“strong” interactions within a galaxy cluster environment 



  

Jerjen et al. (2000)

Galaxy transformations in clusters: combined effect of photometric fading 
after ram pressure stripping and galaxy harassment

Signatures of faint embedded disks in several dEs (signatures of galaxy transformations in clusters). 
First detected by Jerjen et al. (2000) and Barazza et al. (2002) in small number of Virgo Cluster dEs.

Detections also in other galaxy clusters, e.g. Graham et al. (2003) for Coma and De Rijcke et al. (2003) 
for Fornax. See also Lisker et al. (2006,2007) for studies of the complete sample of galaxies in Virgo.



  

“weak” interactions in the field or in loose DG galaxy pairs & groups

SFDGs galaxies are rarely truly isolated: they have low-mass (stellar and/or gaseous) companions 
with a typical velocity and linear separation of <500 km/s and <100 kpc, respectively.  

Noeske et al. (2001)

Taylor et al. (1993,1995)



  

Icke (1985) mechanism
 distant collision between galaxies: acceleration of clouds in the “victim” galaxy to 

velocities exceeding the local sound velocity → shocks → dissipation → star formation

The velocity increase is

with M: mass of the galaxies, R: radius of the “victim” galaxy, r: distance between the 
galaxy nuclei, u: relative velocity at radius R ( (GM/R)1/2 ).

 condition:   u ≥ sound speed s
0

 estimate: minimum pericenter distance for triggering of a shock

 for a mass ratio =M(intruder)/M(victim)

 example: M(victim)=1010 M
⊙
, u/s

0
=7, =1, R

victim
=10 kpc → 

critical pericenter distance of 60 ... 80 kpc.

 spatially extended starburst

“weak” interactions in the field or in loose DG galaxy pairs & groups

vcrit

vvsound



  

The dwarf galaxy population in the Local Group (LG)

● M ~ 3 × 1012 M⊙ with ≥35 members (only two, the Milky Way and M31, 
     are „normal“ Hubble-type galaxies)
● Dwarf galaxies in the LG show a wide variety in their SFH



  

Studies of the star formation history (SFH)
of dwarf galaxies in the LG with CMDs

Star Formation History 
SFH := SFR(x,y,t)

+
Z(t), IMF(t)

Obs. Effects
(photon noise, 
completeness, 

confusion, telescope)
→ →
→

Synth. CMD
Monte Carlo

→SFH
Z(t)→

Synthetic CMD for continuous, constant SF over 13 Gyr

Gallart et al. (2006, AR&AA 43, 387)



  

The SFH of Local Group dSphs 

 
Cosmology: flat, Ωm = 0.27, H0 = 71 km/s/Mpc

Grebel & Gallagher 2004, ApJ, 610, L89

see reviews by, e.g., Mateo (1998) and McConnachie (2012) ...



  Star Formation in late-type dwarf galaxies

IC 10



  

Kennicutt (1989)

early type ←             →  late type
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The current star formation rate (SFR)
and the burst parameter b correlate with the
Hubble type. Some of the highest-b parameter
galaxies are late-type dwarfs.

Star Formation along the Hubble Sequence



  
Kennicutt & Evans (2012)

Integral SFR vs SFR surface density Gas- vs SFR surface density

ΣSFR
sSFR 
<μ>

SFDGs
(BCDs)



  

Remarks on uncertainties in the 
determination of star formation 

rates in SFDGs

 poorly constrained star formation history

 unknown Lyman continuum photon leakage fraction



  

Time evolution of the equivalent width of Balmer emission lines

instantaneous star formation (106 M
⊙
),

Salpeter IMF (solid line), solar metallicity
continuous star formation (1 M

⊙
/yr),

Salpeter IMF (solid line), solar metallicity

Lyman con. Rate (1/s) Equivalent width (Å)

Starburst99 (Leitherer et al.)



  

Evolution of L(H) and its dependence on metallicity
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Continuous low-level SF

The observed 
L(H) depends on 
- starburst age 
- metallicity
- (and the IMF)

Caveat: i) L(H) is a reliable SFR indicator only in the case of continuous star formation at 
  nearly constant SFR over >108 yr, and when photon leakage is negligible 

  ii) The metallicity of the ionizing stars has also a significant impact on L(H) 

Evolutionary synthesis model: Starburst superimposed on a stellar component
forming over 10 Gyr continuously at constant SFR. 



  

Evolution of L(H) and its dependence on photon leakage 
Caveat 1: L(H) is a reliable SFR indicator only when photon leakage is negligible 

 But detailed studies of individual HII regions indicate that 10%-73% of the Lyman continuum photons
  with energies between 13.6 and 24.4 eV escape (e.g., Castellanos et al. 2002, Eldridge & Relano 2011) 

Example: NGC 604 (the most luminous HII region in M33 with a stellar mass of 5 × 105 M⊙, containing a 
number of young Wolf-Rayet stars) shows a large discrepancy between the Hα flux expected from its massive 
young stellar cluster and the one observed about → 50% of the ionizing photons produced by massive stars 
have to leak out of the HII region



  

Evolution of L(H) and its dependence on photon leakage and metallicity

Relano & Kennicutt (2009)

24 μm

8 μm

Hα

FUV

IR at 24 μm and 8 μm show the dust 
emission from Spitzer satellite data.

FUV (1344-1786 Å) emission from the 
GALEX satellite reflects the massive 
stellar content.

The contours show the CO molecular gas
distribution. 

Hα (red), 8 μm (green) 24 μm (blue)



  

Extended H emission in SFDGs shows an exponential decrease
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 The radial Hα distribution of starburst dwarf galaxies shows 
an outer exponential decrease with an average scale length of 
1/2 of that of the  stellar component (typically 1-3 kpc).
 Deep narrowband imaging is necessary for an accurate 
determination of the total H  α luminosity of SFDGs (and other 
starburst galaxies)



  

Star-Forming Dwarf Galaxies: dIs & BCD/HII galaxies
Dwarf irregulars (dIs): gas-rich, metal-poor, low-level star formation 

Blue Compact Dwarf (BCD/HII) galaxies: gas-rich, metal-poor, strong starburst activity that is typically 
confined to the central part of an underlying evolved stellar host

(107 ≤ L/L⊙ ≤109.6, MB > -18 mag; MT ~ 108 ... a few 109 M⊙ )

Cairós et al. (2001)



  

H

[OIII]

H

Thuan et al. (2001)



  

Properties of the HI component in BCDs

van Zee et al. (1998)
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nuclear elliptical (nE)
20%

iI,m

cometary iI

irregular irregular (iI) or iI,m
for possible mergers: ~10%

Irregular 0 (i0)
≤5%

irregular elliptical (iE)
70%

 Discovery of a host galaxy 
underlying the star-forming
component

 Definition of four main 
morphological classes
(iE, nE, iI and i0 + iI,Cometary)

The BCD classification scheme by Loose & Thuan (1986)



  

 Galaxies with a spectrum similar to that of an HII region

 Sample: mainly from the University of Michigan (UM) survey

 BCDs  ∈ HII galaxies of type DANS, HIIH, DHIIH and SS

The (spectroscopic) classification scheme for HII (BCD) galaxies
(Salzer et al. 1989)

Salzer et al. (1989)



  

The photometric structure of BCDs
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plateau

P25, E25: isophotal radius of the 
star-forming and LSB component

line-of-sight intensity contribution of the
SF component: <40% at P25, 4% at E25

D = 4 Mpc
MB=-13.9 mag Mkn 178



  

Starburst activity in BCDs

Star formation in BCDs
a) diffuse component consisting of 
lowmass stellar clusters  
(≃ 102 – a few 103 M⊙)
b) luminous, very compact stellar 
clusters (≃104  M⊙) all through to  
“SuperStar Clusters” (SSCs) with  
mass: up to 105 M⊙!
radius: 310 pc
density: up to 104 M⊙ pc3 

60 pc

Super-Star Clusters

Papaderos et al. (2006) 

 Nearby (D=8.7 Mpc) BCD

 Starburst since 107 yr
   (Conti & Vacca 1996, 

Papaderos & Fricke 1998)

 Prominent WolfRayet features 

Henize 2-10

800 pc

Nearly coeval star formation on spatial scales of ∼1 kpc



  

Kinematical decoupling of gas and stars in the starburst component of He 2-10

ARGUS/FLAMES IFS data at
Ca II λλ8498, 8542, 8662 Å triplet

Marquart et al. (2007)

 stellar kinematics are governed by random motions  
    σ ∼ 45 km/s
 dynamical mass of the nucelar starburst region
    Mσ = 1.1 × 106 · reff · σ2  = 4 × 107 M⊙

 velocity difference between gas and stars ∼50 km/s



  

Henize 2-10: H   supershells and large-scale gas outflows 

b) observations: gigantic bipolar outflow of hot and metalenriched gas from the 
starburst component, expanding with velocities of
 ≥200 km s1 into the ambient interstellar medium.

a) mechanical luminosity for a Star Formation Rate of 1 M⊙ yr1 as a function of time 

Luminosity Power at t=107 yr : 4×1041 erg s1 
(total energy injected into the ISM: 4.5×1055 erg) 

H equivalent width map

Papaderos & Fricke (1998)

SNe

stellar winds

Leitherer et al. (1992)
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Xray  contours  (ROSAT  HRI)  overlaid 
with a continuumsubtracted H map.

XMMNewton Xray spectrum (0.256 keV)

XMM

Henize 2-10: H   supershells and large-scale gas outflows 

 Thermalization of the ISM (hot (107 K) X-ray emitting gas)
 Expansion into the ambient ISM and ejection into the halo 

  (and possibly beyond):  galactic winds
 Chemical enrichment of the interstellar and intergalactic           

   medium.
 Lyman continuum photon escape and ionization of the             

  intergalactic space



  

BCDs: starburst-driven mass ejection into halo

500 pc
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NGC 1569

Martin et al. (2001)

HI H X-ray
Super-Star Clusters



  

High-velocity ionized gas in NGC 1569

Westmoquette et al. (2007)

  highly-complex gas kinematics on spatial scales of 
   20-100 pc
 High-velocity (350-400 km/s) ionized gas component
underlying the bright nebular emission lines that is 
produced in a turbulent mixing layer on the surface of 
cool gas knots



  

High-velocity ionized gas in SFDGs 

  broad (FWHM = 103 km/s) 
and very broad (FWZI = 4103 km/s) 
Balmer emission lines
 narrow absorption components 
in the Balmer series blueshifted by 
800 km/s

Terlevich et al. (2014)

PHL 293B

Izotov, Thuan & Guseva (2007)



  

Xray

c

?

gas

collapse

starburst

Expansion of the hotgas 
phase and galactic winds

Gas cooling/
replenishment

Xray

Chronology of a starburst in a dI/BCD

Young stellar 
component

Shells

Gas halo

dI

BCD

BCD



  

BCDs are more compact than dIs with respect to their HI distribution

van Zee et al. 2001, AJ 122, 121

(nE BCDs, in LT86)

Optical Radius

Comparison of the radial HI surface density distribution in BCDs and dIs

See also Taylor et al. (1995), Simpson & Gottesmann (2003)



  

Some open questions 

  Origin of starburst activity in BCDs

 IFS studies of BCD samples (see, e.g., Cairos et al. 2012)

 Origin of the hard ionizing field in low-metallicity SFDGs (see, e.g., Izotov et al. 2004)

  Synchronization of star-forming activities in BCD/HII galaxies
  Chemical abundance patterns and homogeneity of BCD/HII galaxies

    (see Lagos & Papaderos 2014, for a recent review)

 Mechanisms regulating the Lyα escape fraction in starburst galaxies
  (see Tenorio-Tagle et al. 1999)

 Evolutionary links between dIs and BCD/HII galaxies

Cairos et al. (2012)



  

Synchronization of star-forming activities in BCDs/HII galaxies

Östlin et al. (2003)

2.6 kpc

ESO 338-IG04

Lagos et al. (2011)

Nearly coeval star formation on spatial scales of 0.2-1 kpc



  

BCD 

dI 
(≃1 Gyr)

dI

time
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The “standard” dI↔BCD evolutionary scenario

Dwarf irregular Blue Compact DwarfStarburst+

+ =

=

Evoluitonary links between active (BCD/HII) and quiescent (dI) 
star-forming dwarf galaxies



  

Starburst activity in low-mass galaxies occurs preferentially 
in compact, high-stellar density (ρ) hosts

Absolute B band magnitude of the host
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Papaderos et al. (1996,2008)

low-sSFR
(dIs)

high-sSFR
(BCDs)

 Central ρ of in the BCD host galaxy is ∼10 × higher than in (low-sSFR) dIs
 The density of the local stellar background (and the form of the gravitational

  potential it produces) is one of the parameters regulating star-forming activity
  (i.e. the Schmidt-Kennicutt law provides an incomplete parametrization of 
   the SFR in triaxial, low-mass galaxies) 



  

 a) bimodality with regard to certain intrinsic properties (e.g. spin): why?
 
 b) dynamical/evolutionary effect: adiabatic contraction & expansion of the dI/BCD host
     in response to gas infall prior to the starburst and subsequent gas ejection during/after 
     the starburst.

Possible only if Dark Matter does not dominate the mass within the Holmberg radius (P96).

Evolutionary links between BCDs and dIs: Possible interpretations



  

 Extremely metal-poor (XMP) BCDs: XBCDs 
 Young galaxy candidates in the nearby universe?

Papaderos et al. (2002) Guseva, Papaderos, Izotov et al. (2004)

Thuan et al. (1997), Papaderos et al. (1998) Fricke et al. (2001) Papaderos et al. (1999,2007)

 Gas-phase metallicity:
  6.9 ≾ 12+log(O/H) ≾ 7.6
 No evidence for a dominant 

  old stellar population (>50%
  of M formed in the past 1-3 Gyr)
 Irregular morphology, with a 

  a remarkably large fraction of 
  cometary systems



  

Morphological comparison of BCDs and XBCDs

Papaderos et al. (2008)

XB
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s

BCDs



  
SBS 0335-052: HI cloud with a projected size of 70×20 kpc; mass of ∼109 M

⊙
 

Pairwise XBCD formation
Example: the XBCD pair SBS 0335-052 E&W

Pustilnik et al. (2001)



  

● Study of the V-I color and spatial  
    distribution of stellar clusters       
    using HST data
→
 ● galaxy formation in a propagating  

   mode from NW to SE with a        
   mean velocity of ∼20 km/s.

7
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SBS 0335-052 E: formation through propagating star formation

HST/WFPC2, I band, unsharp maskedHST/WFPC2, V band



  

Cometary (or tadpole) massive galaxies at high redshift

Förster-Schreiber et al. (2011)

Hubble Ultra Deep Field (HUDF): Straughn et al. (2006)

HUDF: Elmegreen et al. (2005)

 propagating star formation (Papaderos et al. 1998)

 weak tidal interactions (Straughn et al. 2006)

 turbulent clumpy galactic disks in formation at 
high redshift (cf Bournaud et al. 2009) 
 stream-driven accretion of metal-poor gas from 

the cosmic web (see Sanchez-Almeida et al. 2014 for a 
review; Dekel & Birnboim 2006, Dekel et al. 2009) 

Possible mechanisms



  

Star-forming
dwarf galaxies

Gas-phase 
metallicity

Evolutionary Status
(t,1/2, mass-weighted stellar age)

Morphology

Integral Field Spectroscopy provides a powerful means for 
the exploration of the assembly history of low-mass galaxies, 

resolved in space and time 



  

Impact of nebular emission on photometric studies 
of star-forming galaxies



  

Impact of nebular emission on photometric quantities

Contribution of nebular emission to broadband fluxes (Krüger et al. 1995)

Chemically consistent evolutionary synthesis 
model for various SFHs (continuous or exponentially
Decreasing SFR for the underlying host + burst)  



  

Impact of ionized gas emission on broadband colors

Guseva et al. (2004)

 Several starburst dwarf galaxies 
 (BCDs, and in particular extremely 
  metal-poor BCDs) show intense 
  nebular emission (EW > 1000 Å),  
  0.1-1 kpc away from their SF regions

 Typical signatures:
very blue (-0.5 .. -1 mag) V-I and R-I
and
moderately red (0.4 … 0.6) B-R and V-R

    colors

Corrections for ionized gas emission 
are necessary for age-dating of stellar    
populations using colors and/or color    
 magnitude diagrams



  

Age dating of starburst galaxies 
through simultaneous modeling of stellar and nebular emission

Papaderos et al. (1998)

Spectral synthesis model for the extremely metal-poor BCD SBS 0335-052E

Option 1: Computation of the contribution of ionized gas emission from the expected Lyman continuum 
rate and subtraction from the observed spectrum in order to isolate (and age date) the pure stellar spectral 
energy distribution (SED) from the total SED.

Option 2: 
 Superposition of different synthetic stellar SEDs to the observed nebular SED to match the observed 
total emission.  
 Scaling of the contribution of the nebular emission to the stellar emission by the ratio of the observed 
equivalent (EW) width of the Hβ  line to the EW of Hβ expected for pure gaseous emission. 
 Computation of the nebular continuum SED (incl. bound-free, free-free, two-photon continuum emission; 
cf Aller 1984; Ferland 1980). 



  

Steps towards self-consistent evolutionary synthesis involving
both stellar and nebular emission in SFDGs

Identification of the SFH that reproduces simultaneously:
a) the EWs of Balmer H and H emission lines
b) the EWs of Balmer H and H absorption lines
c) the slope of the observed spectral energy distribution (SED)
d) the observed broad band colors

Simple parametrizations of the SFH (e.g., old + young stellar component, 
approximated, respectively, by an exponentially decreasing SFR and a single 
burst with varying duration and burst parameter)

Guseva et al. (2001)
Goal

Limitations



  

Constraints on both burst parameter and intrinsic extinction 

Steps towards self-consistent evolutionary 
synthesis involving both stellar and nebular 
emission in SFDGs
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Cardamone et al. (2010)

Low-mass compact starburst galaxies at intermediate redshift
Example: “Green Pea galaxies”



  
Cardamone et al. (2010)

Green Pea galaxies

[OIII]5007 equivalent width of up 2000 Å, i.e. 
comparable to values observed in nearby XBCDs!

 Specific SFR of 10-8 (yr-1)
 i.e. mass doubling time of a few 108 yr
 Sub-L* galaxies undergoing a dominant phase in 
the assembly of their stellar component.

 Overabundance in nitrogen (origin ?)
 Multiple kinematically distinct components



  Amorin et al. (2012)

Steps towards self-consistent evolutionary synthesis involving both stellar and 
nebular emission in SFDGs: application to green peas

Starlight (Cid Fernandes et al. 2005) & ExploreSED fits



  

Remarks on the biases introduced by intense 
and extended nebular emission in studies of 
high-sSFR (starburst) galaxies near and far 

I Zw 18
(extremely metal-poor BCD; 12+log(O/H)=7.2)



  

The LSB envelope of 
I Zw 18 is entirely due to 

extended nebular emission

Papaderos & Östlin (2012)

 Very deep HST ACS imaging down to 
μ≃30 mag/arcsec2 (Papaderos & Östlin 
2012) shows that the nebular envelope of 
I Zw 18 reaches out to R ≃ 2.6 kpc

The nebular halo of I Zw 18 
extends out to 

16 exponential scale lengths

    
of the stellar component

and 
contributes ≥1/3 

of the total R band luminosity  

 2D subtraction of nebular line emission 
using HST WFPC2 [OIII]5007 and Hα narrow 
band images (Papaderos et al. 2002) leads 
to complete removal of the lower-surface 
brightness (LSB) envelope of I Zw 18

I Zw 18: the prototypical BCD/XBCD 



  

Papaderos & Östlin (2012)

Sudden decrease of the line-of-sight 
intensity contribution from the stellar 

component at ~6 arcsec (3 Reff) to <20%

Pa
pa

de
ro

s e
t a

l. 
(2

00
2)

I Zw 18: surface brightness and color profiles
 V-R and B-R relatively red (0.5...0.6 mag) but 
V-I and R-I extremely blue (-0.7 and -1.2 mag)

 There is no stellar population, regardless of SFH, age 
and metallicity, that can reproduce the observed 
combination of colors in the LSB host of I Zw 18.

 Such colors can plausibly accounted for by extended 
nebular emission.

Stellar + neb. continuum emission



  

Spatial distribution of stellar and nebular emission in I Zw 18

 Nebular emission is not necessarily cospatial with the 
local ionizing and non-ionizing stellar background


spatial anti-correlation between stellar surface density 

and equivalent width (EW) of nebular emission


important assumptions of state-of-art 0-dimensional 
evolutionary synthesis models are not valid

 The nebular envelope of I Zw 18 shows an exponential
profile and has a relatively high surface brightness 

 

 Nebular emission contributes ≥1/3 of the 

optical luminosity (≡ δmag ≥ 0.4 mag)

Papaderos et al. (2002)



  

i) increased scatter and/or systematic error (≥ 0.4 mag) in fundamental relations involving galaxy 
luminosities. Examples: Tully-Fisher relation; luminosity vs metallicity, velocity dispersion, 
diameter, mean surface brightness.

ii) errors in luminosity propagate (amplified) in M determinations based on 
theoretical M/L ratios and SED fitting.

Some biases introduced by strong nebular emission
in studies of distant morphological analogs of I Zw 18
(and high-sSFR galaxies in general) 

Papaderos et al. (1998)
SBS 0335-052E

In high-SSFR galaxies, (the reddish) nebular continuum can contribute up to 20–40% of the 
emission at 7000 Å  SED fitting invokes a much too high contribution from old stars  
M overestimated by a factor of up to ∼4 (Izotov et al. 2011, see also Amorin et al. 2012) 

The relative contribution of
 nebular continuum 
emission increases 
with increasing  λ



  

Impact of nebular emission on photometric quantities

Izotov et al. (2011)

In high-SSFR galaxies, (the reddish) nebular continuum can contribute up to 20–40% of the 
emission at 7000 Å  SED fitting invokes a much too high contribution from old stars  
M overestimated by a factor of up to ∼4 (Izotov et al. 2011, see also Amorin et al. 2012) 
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