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Spectral models an essentlal tool for galaxy evolutlon :

spectral energy distribution of a star-forming galaxy
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Spectral models: an essential tool for galaxy evolution

Observed UV, optical, IR
emission
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Physical parameters:
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Galaxy evolution
models

log (F, / Jy)

spectral energy distribution of a star-forming galaxy

gas

- younhg
stars,

Lonized

{ { { {

dust

molecular

NNNN

I

NN = O

eReRo R
|

old gas

\ increasing redshift
\ ,

Spitzgr Herschel A‘LMANLA/F’dBI SK

1.0 10.0 100.0 1000.0 10000.0
A / um [observed]



Spectral models for higii-redshift galaxies _

Recent & ongoing developments:

@ Emission by stellar populations
Evolution of massive stars, ‘'young’ stellar populations
Star formation histories

@ The effects of the interstellar medium
Transfer of starlight through the ISM (gas and dust)
Nebular emission & impact on SEDs

@ Statistical constraints on physical parameters
Fitting SEDs using Bayesian methods



emission by stellar populations
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'Spectral evolution of a simple stellar population
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@ Stellar evolution prescription
HR evolutionary tracks for stars of different initial masses & metallicities.
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’Spectral evolutlon of a S|mple stellar populatlon
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@ Stellar evolution prescription
HR evolutionary tracks for stars of different initial masses & metallicities.

Q@ Spectral libraries
assign spectrum to a star of given mass, age and metallicity.

Various libraries, Z =74 13 Gy
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’ SRR i g - .o ,
'Spectral evolution of a simple stellar population

@ Stellar evolution prescription

HR evolutionary tracks for stars of different initial masses & metallicities.

@ Spectral libraries

assign spectrum to a star of given mass, age and metallicity.

@ Initial Mass Function
how many stars of each mass form in each generation.
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’Speétral_gvolutib_n qf'a simple stel'lél‘r populatidn :
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’lmpact of rotatlon |n the evolutmn of masswe stars

@ Rotational mixing affects stellar lifetimes (e.g. Ekstroem+2012)

@ Higher effective temperatures & luminosities (e.g. Leitherer+2008, 2014)

@ Stronger mass loss; more (& longer-lived) WR stars

More hot massive stars at both early
and later ages - stronger ionizing UV
continuum over a longer lifetime.

Large impact in UV & nebular emission
studies of high-z galaxies.

log(A F,) (ergs/s/Mo)

Levesque+2012
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'Masswe stars are very often in bmarles

. -
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mergers:

¥8°/o

semi-detached systems: o/
3% - .25

companions
after mass transfer:
17%

pre mass transfer
binaries: 50%

ESO/ M. Kornmesser / S. E. de Mink

1.massive primary star overfills Roche lobe de Mink+2014

2.mass and angular momentum transfer to

secondary star
Stronger ionizing UV continuum over a

3.rejuvenation of secondary star longer litetime
(e.g. Eldridge & Stanway 2012).
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‘Impact of rotation & bmarles,_on Ionizing radiation

Low metallicity (Z=0.004)
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TP-AGB stars: a closer-look -

Can be important for stellar populations with ages 0.5 to 1.5 Gyr

¢ Maraston (2005) models predicted NIR fluxes up to 3x higher than BCO3
models, and also sharp absorption features at 1.1 - 1.8 pm

@ Systematic differences in M/L from 0.2 to 0.4 dex

/

Zibetti+2012:

ISAAC spectroscopic follow-up of a
sample of z~0.2 post-starburst galaxies
(where contribution by TP-AGB stars
should be maximal)
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TP-AGB stars: a closer-look .-~

Zibetti+2012
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’Speétral_gvolutib_n qf'a simple stel'lél‘r populatidn :
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= | SSP(age,metallicity) x SFR(t)

———— T % -y —

ey ——

0 Gyr

oo star formation history SFR(t) . spectrum at age = 1
VP T rrrrrrrrrrrrrrr AT

spectrum LA

log (SFR / Msun/yr )

4 6 8 10




Speotru'm of all the stars in agaléxy .e. ‘Composife stellar bobu‘latiwcv)r;"
= [ SSP(age,metallicity) x SFR(t)
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'Star formation & chemical enrichment-histories °

Post-processing of the
Millenium simulation by De Lucia
& Blaizot (2007)
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Star formation rate
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5 10
loock—back time (Gyr)

Pacifici+2012



’Star formatlon & chemlcal enrlchment I]IStOI‘IeS

Post-processing of the
Millenium simulation by De Lucia
& Blaizot (2007)

10

Star formation rate

v (Mp/yr)

.

Metallicity

Z (Zo)

5 10
loock—back time (Gyr)

Pacifici+2012

= Looks nothing like a
continuous tau-model!

Need to include increasing SFHs
for of high-redshift galaxies.

e.g. Maraston+2010, Lee+2010,
Wuyts+2011, Pforr+2012,
Behroozi+2013, Pacifici+2013
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Pacifici+12 SFHs

0.7<z<0.95

0.95<z<1.2
N
I

F435 — F775 (ACS)

1.2<2z<1.5
AV)
I

1.5<z<2.2
AV
I

F125 — F160 (WFC3)
(Pacifici, da Cunha, Charlot,+2015)

We need complex (realistic)
SFHs to reproduce the
observed HST colours of
galaxies

Points: 1048 (down to H=23) 3D-HST
galaxies in GOODS-South



Pacifici+12 SFHs
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galaxies in GOODS-South




'How should we 'paraimeter-ize;th'e 'S'F‘H?' Sy

Simha+2014
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@ exponentially declining tau-models

@ exponentially rising tau-models (Maraston+2010,Pforr+2012)
@ delayed tau-models (Lee+2010)

Q@ 4-parameter analytical model (Simha+2014)

New MAGPHYS SFHs (da Cunha + 2015):
delayed tau-models (spanning a wide range of timescales) + random bursts



the interstellar medium:
transfer through dust & gas



Interstellar dust

Typically interstellar dust is ~1% of the mass of a
galaxy, but dust grains scatter and absorb a
large fraction (typically 50%) of the UV/optical
light emitted by stars.
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The interstellar medium: dust

@ Stellar birth clouds with lifetime 1o.

@ Attenuation affecting stars older than to in
the diffuse ISM is only a fraction of that
affecting young stars in the birth clouds.

age-dependent attenuation

3x107
3x108

« diffuse interstellar
medium (older stars)

0.5 _
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The interstellar medium: dust

Q Stellar birth clouds with lifetime to. . R—— a
@ Attenuation affecting stars older than to in : -

the diffuse ISM is only a fraction of that | gD 1M

affecting young stars in the birth clouds. A

« diffuse interstellar
medium (older stars)



The interstellar medium: dust -

log (AL, / Lg)

@ Stellar birth clouds with lifetime 1o.

@ Attenuation affecting stars older than to in
the diffuse ISM is only a fraction of that
affecting young stars in the birth clouds.

lo | IIIIIII

total dust emission

10 100
A/ um

1000

s A HIHE ISM

« diffuse interstellar
medium (older stars)

Energy balance
MAGPHYS (da Cunha+2008)
see also e.g. Noll+2009



ASPECS:
ALMA spectroscopic survey of the HUDF
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'Dust evoj.uti.oﬁ at _hiQHrédshift?' 5
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The interstellar medium: ionized'gas

Q Stellar birth clouds with lifetime to. . R—— a
@ Attenuation affecting stars older than to in : -

the diffuse ISM is only a fraction of that | gD 1M

affecting young stars in the birth clouds. A

« diffuse interstellar
medium (older stars)



@ Stellar birth clouds with lifetime 1o.

@ Attenuation affecting stars older than to in
the diffuse ISM is only a fraction of that
affecting young stars in the birth clouds.
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Nebular emission computed self-
consistently using the CLOUDY
photo-ionization code by Ferland
1996 (Pacifici+2012, Charlot &
Longhetti 2001)



'The interstellar medium: ionized'gas

lonizing radiation set by the stellar
population model + SFH

Dust attenuation already
implemented (CFO0O0)

Additional parameters (CLOUDY):
@ Zero-age ionization parameter
@ Gas-phase metallicity
Q@ Gas-to-dust ratio
@ Depletion of metals onto dust grains

1

log L, + const
)

SC

]

I

]

0.1

0.5

A/ um

Charlot & Longhetti (2001), Pacifici+2012
[see also e.qg. Groves et al. 2008, Feltre+2016, Gutkin+ in prep.]




F435 — F775 (ACS)

1.2<z<1.5

0.7<z<0.95

0.95<z<1.2

1.9<z<2.2

Pacificiﬂz SFHs nebular emission

F125 — F160 (WFC3)

contamination by nebular emission
can be important even at
‘moderate’ redshifts!

[see also e.g. de Barros+2014]



F435 — F775 (ACS)

1.2<z<1.5

0.7<z<0.95

0.95<z<1.2

1.9<z<2.2

Pacificiﬂz SFHs nebular emission

F125 — F160 (WFC3)
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contamination by nebular emission
can be important even at
‘moderate’ redshifts!

[see also e.g. de Barros+2014]



Example broad-band photometry + emission line fit
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constraining the physical properties
from observed SEDs



'SED fitting: .Be\.lyésia.n'Mé,thodf_ '

Kauffmann+2003, Gallazzi+2005, Salim+2007, MAGPHYS (da Cunha+2008)
MCMC: e.g. BEAGLE (Chevallard & Charlot 2016), CIGALE, Prospector

MODEL PARAMETERS

OBSERVED
GALAXY SED

PRIOR DISTRIBUTIONS

COMPUTE CHI2 EACH MODEL

-

.

For a given model j described by a
random set of parameters:
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GOODS
J123646.67+620833.3

Zspec=0.971
MAGPHYS spectral energy distribution fit
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’Iestmg MAGPHYS W|th hydro+RT S|mulat|ons
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/Spectral mod'els“fpr t.hé‘JWST-e_ra" i o

@ Evolution of ‘young’ stellar populations
Rotation and multiplicity change the UV emission of young massive stars
The effect of TP-AGB stars - not as high as previously thought

@ Star formation histories
We need to do better than tau-models at high redshift

@ Nebular emission
Include self-consistently in the SEDs (photo-ionization models)
Important to interpret spectra & contamination of broad-band photometry

@ Dust attenuation & dust infrared emission
Model dust attenuation and emission self-consistently
Dust evolution at high redshift: complementarity with ALMA

@ Modern fitting techniques
Bayesian fitting to account for degeneracies, marginalise over nuisance
parameters, explore parameter space, etc.



/Spectral p«lod'els“fpr th§~JWST.era"' y Joly)

@ Evolution of ‘young’ stellar populations
Rotation and multiplicity change the UV emission of young massive stars
The effect of TP-AGB stars - not as high as previously thought

@ Star formation histories
We need to do better than tau-models at high redshift

@ Nebular emission
Include self-consistently in the SEDs (photo-ionization models)
Important to interpret spectra & contamination of broad-band photometrv

@ Dust attenuation & dust infrared emission NS on SED
Model dust attenuation and emission self-c~~ \sO (6\’\? oy
Dust evolution at high redshift: complemer  S€€ e de\\\“g na
. w’lmg °
@ Modern fitting techniques \l\la\dﬂe oY 20\3
Bayesian fitting to account for degeneracies, coft ~dISANCE

parameters, explore parameter space, etc. _—



