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Physical parameters:
SFR, stellar mass,
metallicity, dust content...

Galaxy evolution models
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Spectral models: an essential tool for galaxy evolution
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Spectral models for high-redshift galaxies ,

Recent & ongoing developments / challenges:

@ Emission by stellar populations
Evolution of ‘young’ stellar populations
Star formation histories

@ The interstellar medium: dust & ionized gas
Dust attenuation, self-consistent infrared emission
Nebular emission & impact on SEDs

@ Active galactic nuclei
Correct for contamination in the mid-IR (and other wavelengths)

@ ‘Cosmological effects’
UV absorption by the IGM
Effect of the CMB in (sub-)mm observations

@ Statistical constraints on physical parameters
Fitting SEDs using a Bayesian approach



Spectral n]_ode'ls‘.fb.r higii-redshift g'alai(ies :

MAGPHYS

@ Emission by stellar pc I e s

Evolution of ‘young’ ste
Star formation histories MAGPHYS +
Multi-wavelength Analysis of Galaxy? ysica Stop
@ The interstellar mediu ot *
Dust attenuation, self-cc 3

' ' ' ; MAGPHYS - Mult-wavelength Analysis of Galaxy Physical Properties - is a self-
Nebular emission & impx Coualeed, wer oy mo0el peckige 0 nkereet obeerved 8pechel enengy GHDAE0NS of
galaxes in terms of galaxy-wide physical parameders pertaining 1o the stars and the
interstellar medium, foliowing the approach described in da Cunha, Charlot & Elbaz (2008),
MNRAS 388, 1595.

- = = The analysis of the spectral energy distribution (SED) of an observed galaxy with

@ Active galactic nuclei korfhs g
. . 1. The bly of hensive lib of model SEDs at the redshift and in the
Correct for contaminatio The Sooambly of & Cmprahsative Moy of model SE00 St e same Rkt and o e

parameders pertaining %o the stars and interstellar medium.

2. The build-up of the marginalised likelihcod distribution of each physical parameter of the
cbserved galaxy, through the comparisen of the observed SED with all the models in the

@ ‘Cosmological effects’ e

The MAGPHYS package Is intended to be userfiendly. The code can run by simply

UV absorption by the I1G L% YOHAR BAGHSD0 1 NRLR9Q o PO N9V Lo Coas Cau i BN R
Effect of the CMB in (sul User—fnendly code pubhcly available at:
www.iap.fr/magphys
@ Statistical constraints v pnysicarparameters —

Fitting SEDs using a Bayesian approach




emission by stellar populations



’Spectral evolutlon of a 3|mple stellar populatlon

@ Stellar evolution prescription
HR evolutionary tracks for stars of different initial masses & metallicities.
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’Spectral evolutlon of a 3|mple stellar po_pulatlon
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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.
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'Spectral evolution of a simple stellar population °

@ 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.

@ Initial Mass Function
how many stars of each mass form in each generation.

cumulative number fraction
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’Speétral_gvoluftib.n qf'a simple stel'lér populat'idn :
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> spectrum of a SSP

o at a given age
IMF-weighted sum

of the spectra of
stars along the
- isochrone at that
Bruzual & Charlot (2003) age




'TP-AGB stars a closer Iook

—— T - - T v - F—— ¥ e B —

¢ Can be |mportant for stellar populatlons Wlth ages O o to 1 5 Gyr

¢ Maraston (2005) models predicted NIR fluxes up to 3x higher than BCO3
models, and also sharp albsorption 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
Lo v Lo by (where contribution by TP-AGB stars

0.5 1.0 1.5 2.0 should be maximal)
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'TP-AGB stars: a closer-look -
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Zibetti+2012
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'TP-AGB §«taIS-i_e‘1t'hig_h'ér fedshiftS‘ |

Kriek+2010 : Composite post-starburst SED at 0.7 <z < 2.0
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‘Impact of rotatio.n in thelevolution of massive stars\

Levesque+2012 dISCUSSIOn of addlng rotatlon to Starburst99 models

@ Rotational mixing affects stellar lifetimes (e.g. Ekstroem+2012)
@ Higher effective temperatures & luminosities (e.g. Leitherer+2008)
@ Stronger mass loss; more (& longer-lived) WR stars

Levesque+2012

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

log(A\ Fy) (ergs/s/Meg)

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

rotating
2sE non-rotating 3
Effects of rotational mixing on stellar e - —

evolution & new massive stellar spectra
also being currently implemented in the
newest version of the Bruzual &

Charlot models (in prep.). : on_

20 NV [oIv [civ |||-| [ ||NIII fon N1 [C H

100 1000
A (Angstroms)




’Speétral_gvoluftib.n qf'a simple stel'lér populat'idn :
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o at a given age
IMF-weighted sum

of the spectra of
stars along the
- isochrone at that
Bruzual & Charlot (2003) age




‘Galaxy = : many étella'f ~populati0’né '

Spectrurh of all the stars In a galaxy l.e. comp03|te stellar populatlon -
= | SSP(age,metallicity) x SFR(t)

oo star formation history SFR(t) . spectrum at age = 10 Gyr
VP T rrrrrrrrrrrrrrr T

spectrum LA

log (SFR / Msun/yr)

4 6 8 10




———

Spectrurh of all the stars In a galaxy l.e. comp03|te stellar populatlon
= | SSP(age,metallicity) x SFR(t)
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’Star formatlon & chemlcal enrlchment hlstorles

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

10 - — —— —
Star formation rate
E - Looks nothing like a
Z continuous tau-model!
> UA/
ofb—+—+——— L+ Increasing evidence that the
_Metallicity | SFHs of high-redshift galaxies
_ need to increase with time.
S
) e.g. Maraston+2010, Lee+2010,
Wuyts+2011, Pforr+2012,

I P e— Behroozi+2013, Pacifici+2013

loock—back time (Gyr)

Pacifici+2012



Pacifici+12 SFHs

0.7<z<0.95

0.95<z<1.2
v
I

F435 — F775 (ACS)

1.2<z<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

0.7<z<0.95

o e Stellar Mass SFR
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1.2<z<1.5
AV)
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F125 — F160 (WFC3)
(Pacifici, da Cunha, Charlot,+2015)

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




'How should we 'para'nieter.izegthe SFH? oY

Simha+2014

e | I I I | I I I I | [ I T T_] r— I I I | I I I I | I I I T_] — I I I | I I I I | I | I i
—M,=2.80e+10 (g-r)=0.18 —] [ M =3.56e+10 (g—r)=0.75 ] [ Mg=3.53e+1R (g-r)=0.38

1010 M/Mg (yr—1)
N o H>
| [ | [
| |
| |
| |
| |
| |

_
17 T 17T 171

-

@ exponentially declining tau-models

@ exponentially rising tau-models (Maraston+2010,Pforr+2012)
Q@ delayed tau-models (Lee+2010)
Q@ 4-parameter analytical model (Simha+2014)

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



the interstellar medium:
dust & ionized gas



'The interstellar medium: dust

@ Stellar birth clouds with lifetime to.

@ 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

I
3x107
3x 108 * « diffuse interstellar
medium (older stars)
0.5 LT\ _
( VaN Ve
—~ BC L 2B fort < ¢
e T (t/) — 4 4
— AT T A IsM for ¢
9 \
00 | e = — wiv(/5500A)7"
II ! ! |I l || || \\ ’\ ISM —O 7
3.0 3.5 4.0 = 1ty (2/5500 A)
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'The interstellar medium: dust

@ Stellar birth clouds with lifetime to.

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

10 LR ' LR
total dust emission

log (AL, / Lg)

7 I A S | [ |

100

da Cunha+2008 0 A/ um

1000

A HIHE ISM

« diffuse interstellar
medium (older stars)

@ Energy balance

@ Dust components:

. PA

Hs

. Hot mid-IR continuum
. Warm dust in thermal

equl
. Co
equl

lbrium (30 - 60 K)
d dust in thermal
lorium (15 - 25 K)




@ Stellar birth clouds with lifetime to.

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

e )]

Flux (10~ 16erg s—lem=—2A-1 )
2o

- Kniazev+2000

HE

A4959

.

J

[OI1I] A5007

— Hel

Ho

2000
Wavelength (&)

6000

\ ‘ Gbar‘lo’r & Fall (2000)1

A HIIHE ISM

« diffuse interstellar
medium (older stars)

NEW! 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 (CFOO0)

Additional parameters (CLOUDY):

@ Zero-age ionization parameter

@ Gas-phase metallicity

@ 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.g. Groves et al. 2008]

1




F435 — F775 (ACS)

1.2<z<1.5

0.7<z<0.95

0.95<z<1.2

1.9<z<2.2

Pacifici+"|2 SFHs nebular emission
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B 10 100 1000
i observer—frame EW in grism (&)
B contamination by nebular emission
= can be important even at
i ‘moderate’ redshifts!

F125 — F160 (WFC3) [see also de Barros+2014]



Example broad-band photometry + emission line fit

15 I LI I I I I I LIL!
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Pacifici, da Cunha+2015 [see also Maseda+2014]



AGN contamination



’ o kil W TR . -
‘Challenges in-modelling AGN.contamination o

AGN component challenging to compute: large dependence on
torus parameters, viewing angle, accretion rate etc.

Emission template:

- models: large parameter space/ degeneracies
(e.g. Nenkova+, Fritz+, Siebenmorgen+)

- empirical: challenging to separate torus/SF contributions

Start simple: empirical template (Mullaney+2011)
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[see also Berta+12,
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‘cosmological effects’:
the IGM and the CMB



Absorption of UV photons by the'IGM -,

obs __ (1+2)L)"
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IGM absorption: z=0 z=2.5 z=4.5

Average attenuation (e.g. Madau 1995) ' no dust
1

504
» N

-
-
--’_’_—

0 _l_-l-l--l_I-l-.-.l“llllLlIlllllll-:'
3500 4000 4500 5000 5500

Apg ()

| with dust

log (F_lambda)

eff )

1 1 1 1 1 1 1 1 1 1 1 1 1
95 300 305 310 315 320 325 330 335 340 345 350 355 360 3.65

log (wavelength / A)




’Effect of the GMB in (sub )mm observatlons

————— — —_— - - - B —

da Cunha Groves Walter+2013
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’Effect of the GMB in (sub )mm observatlons

————— —

B —

1. Extra heating by the CMB da Cunha GFOVGS Walter+201 3
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2. CMB is a strong background at high z
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Effect on the far-IR/sub-mm dust SEDs

v GHz
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log (F, / Jy)

intrinsic SED, no
CMB heating

Effect on the far-IR/sub-mm dust SEDs
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Effect on the far-IR/sub-mm dust SEDs

Vos / GHZ
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Effect on the far-IR/sub-mm dust SEDs

v GHz
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Effect on the derived intrinsic dust properties

galaxy at z=5
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constraining the physical properties
from observed SEDs



OBSERVED
GALAXY SED

'SED fitting: Bayesian Method. _

07. da Cunha+2008
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GOODS
J123646.67+620833.3

Zspec=0.971
New MAGPHYS spectral energy distribution fit
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¢ Evolution of ‘young’ stellar populations
The effect of TP-AGB stars - not as high as previously thought
Rotation changes the UV emission of young massive stars

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

@ Nebular emission
Include self-consistently in the SEDs; contamination of broad-band photometry

@ Dust attenuation & dust infrared emission
Model dust attenuation and emission self-consistently

@ AGN contamination
Empirical template to correct SFRs, stellar masses for excess emission

@ ‘Cosmological effects’

IGM absorption in the UV
CMB: heating source & strong observational background in the (sub-)mm

Coming soon at www.iap.frIMAGPHYS
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¢ Evolution of ‘young’ stellar populations
The effect of TP-AGB stars - not as high as previously thought
Rotation changes the UV emission of young massive stars
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