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Outline

An overview: the « warm » components of a
galaxy

Photometric observations of galaxies

Main spectral lines and spectral features
Dust emission



Outline

An overview: the « warm » components of a
galaxy

Stars, gas & dust

Photometric observations of galaxies
Main spectral lines and spectral features
Dust component
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The components of a galaxy

|Stars

direct photospheric emission

(UV through mid-IR)

stellar winds

(emission lines, IR from dust shells)

accretion phenomena

(binary X-ray sources, the odd SS 433 clone)

|Gas:

cold

warm (104 K, emission-line gas)

(H I, molecular clouds)

H II regions, planetary nebulae

(reprocessed stellar ultraviolet ionizing radiation)

warmer (2-3 x 10° K)

active nuclei

supernova remnants, shocked gas

(whole range of conditions)

lhot (107 K) typically X-ray gas, also seen in absorption lines
|Dust: thermal emission (reprocessed starlight, shock heating)
|quasi-thermal (transient heating of single grains)
absorption against starlight or emission-line sources
|scattering (via polarization)
e
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The relative contribution of the
components
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1% (even less) of the ISM is For the Milky Way:
found in solid form (dust) M(baryqns) =9.510° M,
(Cortese+12) M(atomic gas) =8 10°M_,

M(ionized gas) =2 10° M,
M(molecular gas)=2.510°M_,
M(dust) ~108 M_.
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luminosity L/Lg

I. Stars: the global stellar Content
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Il gas: The (warm) gas content

* HIl--> recombination lines overimposed on
the stellar continuum.



SBS 0335-052

a blue compact dwarf galaxy system

Extremely metal poor galaxy
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More representative of star forming galaxies:
Mostly Hydrogen and Oxygen lines
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log VL, (erg s71)

IIl Dust: the dust emission
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M,/N, [erg s7' sr™! HT]
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NGC 7714 (a nearby starburst)

Spectral Energy Distribution
(SED) of a galaxy :
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Fold) =3.3, A,(SB) = 1.0 mag A, = 1.0 mag.
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Outline of the lecture

The « warm » components of a galaxy
Photometric observations of galaxies
multi-A data, redshifted SEDs

Main spectral lines and spectral features
Dust component



Photometric data:
Galaxies at different wavelengths

The morphological classification of galaxies was built in visible 2 may be
quite different in other wavelengths, as illustrated with M101

The bulge/disk ratio, arm/interarm contrast are different for the different
wavelengths

M101 - Spiral Gala e Sc'

Distance: 27,000,000 light-years (8.3 Mpc) Image Size = 13.5 x 13.5 arcmin Visual Magnitude = 7.9

X-Ray: Chandra Ultraviolet: GALEX Visible: DSS

Near-Infrared: 2MASS Mid-Infrared: IRAS Far-Infrared: IRAS Radio: NVSS
Kielce, Cosmology School-July 2016




The situation is getting even more complicated when going to
high redshift

HDF 4.550 at z=1

Galaxie : HDF 4.550 Galaxie : HDF 4.550 z~ 1

16



normalized flux / filter transmission

Multi-wavelength photometric observations of galaxies to

understand their nature
For a single stellar population

05 SDSS Filters and Reference Spectrum

More complex and realistic SEDs,
CANDELS project
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Outline of the lecture

 The « warm » components of a galaxy
* Photometric observations of galaxies
* Main spectral lines and spectral features

Main emission lines, AGN and normal galaxies,
breaks, high redshift galaxies & nearby
universe

* Dust component

Kielce, Cosmology School-July 2016 18



flux [erg/(s*cm”2*Angstroem)]

flux [erg/(s*ecm"2*Angstroem)]
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Table 1. Non-hydrogen emission lines and their line strengths, nor-
malized to Hy line strength, as a function of metallicity (Z1 = 0.0004,
Z2=10.004,7Z3 = 0.008,Z4 = 0.02 = Z,, Z5 = 0.05).

Case B of recombination:

Line A £ L I

° ° ° e o Frig FHy Fry

optically thick to ionizing photons 2 57

. i [C1O) 133500 0000 0000 0.110

and Lyman lines Other lines (om] 166300 0000 0058 0010

[cIm] 190900 0000 0000 0.180

than H , NI 214100 0000 0000 0010

. . [cm 232600 0000 0000 0290

All Lyman line photons are re-absorbed normalized Mgl 29800 0000 0310 0070

[omj 372700 0489 1791 3010

by other hydrogen atoms to HP [NeIIl 386900 0295 0416 0300

Every decay must eventually go to n=2, From H+ Fel] 388900 0203 01 0107

_ . _ H, + [Nel] 397000 0270 0283 0.159

- counting the Balmer photons gives observations [Eel) 402600 0015 0015 0015

. [SI] 406860 0005 0017 0029

access to the number of Lvc photons, or modeling I 40735 0002 0007 0011

[om] 436300 0109 0066 0010

PHOTO- [Hel] 47100 0036 0036 0050

, _ [AfV] + [HeI] 471100 0010 0014 0.000

F(H ) — 4 7%7 % |_()_]'3 . ‘l\l' IONIZATION fom] 495891 1097 1617 1399

-5 ' o Lyes CODES [omm] 500684 3150 4752 4081

[NI] 519900 0003 0010 0030

Ly NI 575500 0000 0000 0010

X [Hel] 587600 009 0108 0.140

decay from n=2 to n=1 with the 2- (o1 630000 0008 0041 0130

. . . . o (ST 631200 0009 0017 0030

| o e [NII] 654805 0005 0059 0.136

NI 658345 0015 0175 0404

| 2(Balmer) | 3 (Paschen) |4 (Brackett) | 5(Pfund) |6 (Humphreys) [HeD] 6678.00 0026 0030 0030

]mnit|3646.0| | 8203.6| |14584| |22788| | 32814| (sm 671600 0037 0.188 0300

— (S 673000 0029 0138 0210

U |?|3835.4 |o.o734| 92290 |o.0254 |18174 |0.0126 |32961 |0.00725| 59066 |0.00456 [Hel] 106500 0028 0023 0040

g’?|3ss9.1 |o.105 | 9546.0 |0.0365 |19446 |o.0181 |37395 |o.0104 | 75005 |0.00649 (AdI] 713579 0027 0071 0035

e [omj 731999 0012 0027 0026

¢ [7[3970.1 [0.159 [10049.4 00553 [21655 [0.0275 [46525 [0.0158 [123680 [0.00927 om 07 0007 OO0t oM

’?|4101.7 |0.260 |10938.1 |0.o901 |26252 |0.0447 |74578 |0.0245 | [(AI] 775111 0067 0176 0086

[SII] 906860 0000 0510 0945
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The number of Lyc photons is strongly linked to young,
hot stars = indicator of the very recent star formation

Calculated radii of Stromgren spheres

Log NeNprzl3 r1 (pc)

Spectral] M, T.(°K) Log Q(H?) (N in ecm™3; (N = Ny

type (photons/sec) 71 In pc) = 1 o)
05 — 5.6 48,000 49.67 6.07 108
06 — 5.5 40,000 49.23 5.63 74
o7 — 54 35,000 48.84 5.24 56
08 — 5.2 33,500 48.60 5.00 51
09 — 4.8 32,000 48.24 4.64 34
09.5 —4.6 31,000 47.95 4.35 29
BO — 4.4 30,000 47.67 4.07 23
B0.5 —4.2 26,200 46.83 3.23 12

NOTE: T = 7500° K assumed for calculating a .

Kielce, Cosmology School-July 2016
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Spectral features differ with morphological type and
star formation activity
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Ha ([Oll], HR) emission lines used as SFR
estimators
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Measure of Spectral features in normal

galaxies :

* broad absorption lines = stellar content

ID= 766 i'«20.87 (r-2)=2.31
15 = Redshift«0.8346 log a=2389
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Outline of the lecture

 The « warm » components of a galaxy
* Photometric observations of galaxies
* Main spectral lines and spectral features

Main emission lines, AGN and normal
galaxies, breaks, high redshift galaxies &
nearby universe

* Dust component

Kielce, Cosmology School-July 2016
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* The spectrum of an active (AGN) galaxy differs
with broad and fine emission lines with very high
ionisation levels

I | 1 8 I 1 ¥ 1 L I 1 1 1 1 I I I I |
rINe V| A3425 Seyfert 1 NGC 5548

6 = 10 1] 33727 -

. — | 10 1) 35007 [N 11] L6583

[Fe VII] 13760 ':B'::.:’” ' . Aanes

i (Ne 111] 13869
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. [Fe VII] A6087
H5 24101
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2 He I1 14686 — -
- [Ne I11] A3968 .
(S 1] A4071 (S 1) AA6716, 6731 ]
s [O 1) 16364 + [Fe X] L6374 -
He | A5876
i [Fe VII] 25721 l Na D (sbs.) -
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log([0Il1]/HB)
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When z increases, harder radiation field, higher ionization
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Nebular and line emissions increase at high redshift
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Outline of the lecture

 The « warm » components of a galaxy
* Photometric observations of galaxies
* Main spectral lines and spectral features

Main emission lines, AGN and normal galaxies,
Breaks in high redshift galaxies & nearby
universe

* Dust component

Kielce, Cosmology School-July 2016 30



log (Luminosity [erg st £-1])
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Specific spectral features: breaks are
particularly useful since they are not very

affected by dust extinction

tyman Break

\

Balmer break
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relative flux (arbitrary units)

The D4000 break # Balmer break

Related to old stellar populations, its
amplitude increases in early type

systems:

Absorption features bluewards 4000 0
A for stellar types cooler than GO,
line blanketing discontinuity

Stellar spectrum

(LLALW L e LU Ll LI Fe

Sil

3700 3800

3900

4000

Wavelength (A)

N
Early type
» A4A2IO‘OA o 4‘3.C:3A o A4I400

2600

4000
wavelength (8)
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High redshift Lyman Break Galaxies

Effect of neutral hydrogen:
below 1216 A rest frame

Typical intrinsic spectrum

of massive star

1500 2000

Rest Wavelength (&)
After passing through

mterstelar gas The Lyman continuum
discontinuity is particularly
A powerful for isolating star-
1000 1500 2000 forming high redshift galaxies.

Rest Wavelength (&)

Received on earth, after
passing through 1IGM e

N = At high z: the break is mostly due
I8 M to the IGM

I)"
4000 6000
Observed Wavelength (4)

1 1




About IGM
absorption
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o
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8

0.6

D(A)

“ein
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0.2

00|

1000 2000 3000 4000 5000 6000 7000 8000
wavelength [A]

QSO HI Lyman ¢ i A “;:""l-ll’"r“
and Lyman 3 . (" R
emission \
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j Lyman « forest A
‘ \
\
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Balmer break: 365 nms

3000 6000 10000
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IR observations
For high z galaxies
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Balmer Break Galaxies

i band 7 band restframe A (&)
1000 > 2000
_ R |2=7
t= 50 Myr 20 k- I I [ - IRAC 7.90 micron
t =100 Myr . 1
t =300 Myr | o |~ IRAC5.72 micron
t =500 Myr = P | TRAC 452 micron
t = 600 Myl‘ a 25 L : IRAC 3.60 micron
t = 800 Myr L "
Mobasher+05

Difficult to interpret:

T=700 Myr without nebular emission s | ﬁ
T=4 Myr with nebular emission

Schaerer & de Barros 2010

1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1
0 1 2 3
wavelength [um]

w
D
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Outline of the lecture

The « warm » components of a galaxy
Photometric observations of galaxies
Main spectral lines and spectral features
Dust component

Dust emission, dust mass and temperature,
normal & active galaxies, global SED



The main dust components from the Milky Way

vI(v) /Ny (W m™2 sr™'/10%° em™?)

Infrared Spectrum of the Milky Way

Dwek et al. (1997)

AVIERAGQ lISIMH o Large grains (>~ 0.01 wm)

Very smﬁll grains (%&.\0.01 ﬁm)

zdust) ocyp+2

10 .
1 10 100 1000
A (pm)
COBE data + Model

A pm 12 25 60 100 200 400 800
Band# 1 2 3 4 5 6

PAH  [3.12(-2) 1.90(-2) | 423(-3) 1.11(-3) 1.49(-4) 1.43(-4) | 3.06(-4)
VSG |L77(-3) 2.06(-2) | 1.06(-1) 1.22(-1) 5.88(-2) 1.61(-2) | 7.19(-3)
BG  [0.00(0) 2.11(-7) | 6.62(-2) 7.45(-1) 1.48(0) 3.98(-1) | 5.36(-2)
Total (3.30(2) 3.96(2) | 1.76(-1) 8.68(-1) 1.54(0) 4.14(-1) | 6.11(-2)
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Global emission of galaxies: W

total
without dust
diffuse dust

observe the different fractions of M51
energy in UV-optical and mid-fariR

= T T T T T T T — T T T T 9
- - ]
L tatal ] S 108 EA 3
- without dust 4 :
diffuse dust '<
I —-—.—. dust in GMCs NGC 6090 . g

— — — — stars with extinction

10 "

vl

L0 piined g bl B
01

4 W e . T
1010 b4 : — —total
T OH AL y out du

—— dust In GMCs
— — stars with extinction

< 104

log AL, [L0® erg/s]

Lo

Ll

log AL, [10° erg/s]

[0[2‘ sl ! |..| vl ! ! |v||ix! A ! |||||. 
0.1 1 10 1O 1000
log Aleem]

1 1 10 100 100

Fi1G. 8.—Fit to the SED of NGC 6090. Data are from Mazzarella log Alpum]
Boroson (1993), Acosta-Pulido et al. (1996), Gordon et al. (1997).

Modeling: Silva et al. 1998
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Dust temperature

Routinely measured in external galaxies BUT may strongly depend on the

adopted model

*Dust temperature: assuming one or several
modified Black Bodies—> oversimplification

100.00 i ] 100.00E
NGC 1291 ] r  NGC 1316
10.00 ¢ 10.00
S 100f S 100t
h.h E > / h: =
0.10¢ 0.10 3
. O&é . R A " . Od)é
s _ 01F n o 3 5 _ 01
38 00F------ By Yoy L 35 o0
© &v
& -0.1F ¥ -0.1F ¥
-0.2 -0.2
10 100 1000 10 100 1000
Wavelength (um) Wavelength (um)
Galametz+12
41
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Dust mass

Estimated with either a modified BB model or more complex
model of dust emission such that of Draine & Li 2007

A (rest
10° 10t 10)2 10° 10*

103 E T™rrr I
102 l' GN20 PACS & SPIRE 'I
T T IIIIIII T T T T rrr lE 7=4.05 "b% 3
- — 10 =%
14 = (g sFR>=151 J K 1
= 10°r Spitzer .i
— = E 3
i <lg M,,,.>=10.86 | fi 10_1[ 3
<z>=0.81 7 107%f | 1
10-3 ;. \\'\-\S\tellar .i
107 2
10—5 E , N E
10° 10t 102 10° 10* 10°
Aobserved (/‘Lm)
s 10° 10! Algées” 10° 10*
10 =-un| T™T"TTTTITT T™T"TTTTITY T™T"TTTTITT T™TTTTTITT T -=
2 C . 3
10 I BzK21000 PACS & SPIRE Magd|5+11!
10tfp z=182 4
logM,,,.[Mo]=7.96+324 oF Spitzer
| - | = 107 % 1
logM,,.[Mg]=8.14*32¢- £ 10k s -
— modified| blackbody logM, . [M,]=7.86+02 5 102f . k
1 1 1111 llll 1 1 11 1 1113 F '\,\ Brree=1.40 3
10 100 e S 1
. . A ?’um] 10_4&’ 1
Santini+14 0BS 10-F . e . ]
10° 10t 10? 10° 10* 10°

Kielce, Cosmology Aobserved (MID) 42



Draine & Li (07) model

e Dust: carboneceous +amorphous silicate grains,
mainly heated by the ISM (U_. )

* Intensity of the ISRF U . <U<U
ISRF(MW)) PDR

* (puy: fraction of dust mass in PAH

e y: fraction of dust heated by intense starlight
(U>U

U=1 for

max (

min)

Typical values: gpyy<~5%, y~<10%, U, =10°(MW),

U, .. <~10 (Ciesla+14, Draine+07)
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10-8

AF,(erg cm2s!)

10—11

Draine+07
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Outline of the lecture

The « warm » components of a galaxy
Photometric observations of galaxies
Main spectral lines and spectral features
Dust component

Dust emission, dust mass & temperature,
normal & active galaxies, global SED

Kielce, Cosmology School-July 2016
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Scaled vFv (Arbitrary unit)
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104
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100

SEDs of normal and active galaxies

Star forming galaxies
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The far-IR range is not sensitive to non
thermal (AGN) dust emission

TYRE T
2o

10 __Z—O._S_Z_

3 2=2.898

Hatziminaoglou+10

Blue: AGN-torus model
Green: IR starburst
Dark green: stellar component

Black:total SED

sensitive to

*Far-IR dominated by

\ star formation,
10} \R\ secure measure of
T R \ A\ the (obscured) SFR
0.1 1 1 Gkielce, codiBgy schod Qb6 48
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[3.6] — [4.5] (Vega)

Colour-colour diagrams to check
the global shape of the IR SED of

AGN/SF systems

IRAC data

1.5

0.5

[5.8] — [8.0] (AB)

= BLAGN
© NLAGN
galaxy

..... - SB
— Normal gal

Stern+05

[5.8] — [8.0] (Vega)
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vF, (normalized at 1.6 um)

-0.5

1.0E

o°
=

0.1F

_ IRAC Bonds
=2 Te=0)

-
o
TTTIT

;/W ;

Donley+1§!

A/(QSO) = 2 ]

0.1 1.0 10.0 100.0
Rest Wavelength (um)
'.a‘ T T ] T T T T I T T T T ] T T ]//l I
o i
[— 1_
| . j
o~ i i
o Eov 1
— 205k -
> - 7
o — . j
~ E i _
=
=) = i
o0
X Un o. .
A j
o L BN 7 L4 o S
2 - o0 4
_0.-__ ; v @ 43<loglx<44| |
[ T *.? o 42<loglx<d3 | |
B ‘ e loglx<42 |
1 1 I 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 I
0.5 0 05 1

logl() (SS.S um / S3.6 p.m)

49



Mid-IR features and high ionisation lines
AGN/Starburst galaxies

T oS
- ' - HBLR g
— AGNZ2
ggm . — non Sy , olv
psite — Starburst (Bernard-Salas’09)
100 ’\AGN L |
Nell

NeV

o

Flux Density [scaled]
<F/Forpm™

10
Rest Wavelength (um)

PAH in the mid-IR: weaker in AGN hosts
than in SF galaxies
the reality is more complicated.....

P IS S S S AT S ST AT S U S A AT AT
20 30

A(rest) um

High ionisation lines from IR spectroscopy, more

secure AGN indicators
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Outline of the lecture

The « warm » components of a galaxy
Photometric observations of galaxies
Main spectral lines and spectral features
Dust component

Dust emission, dust mass & temperature,
normal & active galaxies, global SED




 constant

vf
5

Log

How to measure L from ~5 to 1000 pm?

From Templates...

Dale & Helou (2002) -Draine & Li (2007) models (Draine+07):

64 semi-empirical templates very useful with Herschel data
Magdis+12 templates at different z

o

| L L L ! RRY N
10 100 —
3

Chary & Elbaz (2001)
105 empirical templates 10~>

| Redshift
| 0,0.5,1.0,1.5,

1@° 16"

A [pm]

1 L 1
0.1 1.0 10.0 100.0 1000.0
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vLv

1.00

0.10

0.01

the situation

remains complicated....

Magdis+12 MS
Magdis+12 SB
DHO2 from 1 to 2.5
Elbaz+11 MS

~._ Elbaz+11 SB
-\ CEOl1 MS
CEO1 SB

Ciesla+13

[E—

10 Kielce, Cosmology School-July 2%]60
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To be optimistic: L, estimates do not strongly depend on the
adopted template when several bands are available

1 | L) 1
[[+cll RBGS ]
¥ this work
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11.0 11.5 12.0 12.5
Le [Lo) IRAS

L,z from Dale & Helou (2002)

Ciesla, 12, PhD thesis
Herschel Reference Sample,
SPITZER+ SPIRE data

11.0

10.5

10.0

©
n

9.0

o All data
o All data but 8 um

8.5

8.5

9.5 10.0 10.5 110
L from Draine & Li (2007)

Kielce, Cosmology School-July 2018}



References

Boselli,A: A panchromatic view of galaxies, Wiley
Phillips, the structure & evolution of galaxies,Wiley

NED-Level 5, knowledgebase for extragalacitc
astronomy and cosmology :
nttp://ned.ipac.caltech.edu/level5/

nttp://www.astr.ua.edu/keel/galaxies/

nttp://www.stsci.edu/science/starburst99/docs/
Caputi, K: IMPD 2014, vol23, issue 7

Kielce, Cosmology School-July 2016 55



Flux density F, [W/cm'/um] scaled
=)
™

A large variety of mid-IR spectra

i T T 1 UL R B AL L L L L UL LR )

1 1
5 GiiluidBhliGlif0iliiag 15 17 20
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continuum
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Silicate abs. strength

0.01 0.10 1.00
PAH equivalent width (6.2um) [um]

PAH emission strength
from Spoon+07
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Flux density [Jy]

9

Mid-IR range :
PAH and silicate features in AGN 2 (obscured)

vvvvvvvvvv

H, S(\l H, S(3) H,S(2)

v i,

6 8 LO 12 14 L6

Wavelength [[tm]

10.0}

1.0

0.1

-------- Unobscured AGN
Total SED

PAH emission
ratio I M
fis

l Si absorption
4.5 _7 ratio

10 100
A (L m)

*PAH emission and silicate absorption often used to characterize the

spectrum
*lonized Neon lines, H, lines

Kielce, Cosmology School-July 2016 57



How to measure dust masses?

The classical measure is based on a modified Black Body distribution (Hildebrand, 1983)

Considering a cloud (distance D) formed by N spherical particules of section s (radius a),
temperature T and emissivity Q(v), the flux is given by:

F(v) =N (s/ 4 D?) Q(v) 4 mt B(v,T) (W m—2Hz1)

Soit F(v) = N (s/ D?) Q(v) B(v,T) et N =F(v) D%/(B(v,T) Q(v) s
B(v,T) expressed in W m=2sriHz!

Le total volume isV=Nv

V=N v = (F(v) D?/B(v,T) Q(V)) (v/s)

With v=4/3 wa3ets =x a2

D> M=V p > My, = (F(v) DY/B(v,T) (4ap/3)/QV))

Q(v) prop. to v® with B=1, 2

* Temperatures and dust grain emissivities estimated by combining data at different
wavelengths (IRAS, ISO, Spitzer, Scuba, Herschel)

K =3Q/4ap, grain opacity, depends on A and dust grains characteristics (graphite/silicate)

* If several dust components (several BB) are fitted, one adds the corresponding dust masses

* More sophisticated models of dust emission accounting for the properties of yje dust
components (Draine & Li 2007) are also used to fit the multi-wavelength data, and dust
masses are a by product (Munoz-Mateos+09, Cortese+12, Magdis+12)
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relative flux (arbitrary units)

Related to old stellar populations, its
amplitude increases in early type

systems:

Absorption features bluewards 4000
A for stellar types cooler than GO,

About the D4000 break

line blanketing discontinuity

Stellar spectrum

(LLALW L e LU Ll LI Fe

Sil

CN band
—1

2600

4000 4200

wavelength (8)
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Balmer and D4000 breaks are often
used as a single feature to detect high
redshifted « quiescent » galaxies

Balmer Break

AN T N BN
4000 5000

Observed Wavelength (&) (z=1.0)

! L | |
6000

| | | | | | | | |
7000 8000 9000

D4000 break

| 1 ‘ | | | | | | | | | | | | | 1
4000 5000 6000 7000 8000 9000
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Features in the nearby universe:
The SDSS legacy

Instantaneous Burst
In the nearby universe the Balmer

K T T l T ] T I l-- T T T '[ T T | T T ‘; l-
25 |- + ] features and D4000 breaks are
K / % distinct indicators of stellar age
S 20F 7+ < Kauffmann+03
= T d
S : T T I T T T T T T T 7j T T T T
o 1.5 — i % ]
] 10 - -
1 i / Instant. 7
1.0 L
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E |0 i 5 |- |
K] X ]
4‘7; J ' 4
- 5 5 = | Constant SF -
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4 % i
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T i * i
5 YT U SN T AT SR U SN TR AT SN SN WY SN N AR NN N SN AU N NN U NN o1
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2 JOQ(h‘m)

Blue and red clouds

Young and old stellar
populations
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