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DISTANT DUSTY UNIVERSE

lrene Shivael

Hubble fellow, University of Arizona
JWST MIRI/NIRCam GTO science teams

: , . - i "Sure it's beautiful, but I can't help thinking
X s e g R LR B about all that interstellar dust out there.”
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Dust represents o

nly 1% of the ISM mass, but..
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e Star and planet formation

o (Catalysts for formation of certain
molecules

* |ISM cooling and heating

 |SM gas dynamics

* Coupling the magnetic field to the gas
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- - has important roles in the ISM physics and chemistry, -
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significantly shapes our view of galaxies, -
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HUBBLE OFTICAL

SPITZER INFRARED
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~ /M101. Credits: Optical: NASA/ESA/STScl/JHU/
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Gordon .
Y . .,

4
..

-

L

En

-

i

4

hides a significant

fraction of star formation.
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Cosmic Infrared Background constitutes half of the Extragalactic Background , -
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® and now is observed out to the highes"r redshifts: -
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WHEN WE OBSERVE GALAXIES, WE WOULD LIKE TO KNOW...

star formation rate

skellar mass

age

star formation history
stellar Poputa&an proper&es: me&auwaﬁj, bimari&v
ISM 9as properties: abundances, tonizing radiation

dust properties: optical ciep&h, dust mass, dust termperature

§ Irene Shivaei, University of Arizona INAF-OAS Bologna — 29 April 2021



WE DERIVE THE PROPERTIES FROM: -
Spectral Energy Distribution (SED) of a galaxy

10°F

star formation rate 8
10

skellar mass

107 F
OLSQ

star formation his tory

stellar Popum&wn F?rop@.r&es: me&auwaﬁj, bimar&&v

Monochromaric Luminosity, vLy [Lo]

ISM gas properties: abundances, ionizing radiation | 01.1 ] 10 100 1000‘

Wavelength, A [pum]
dust properties: optical ciep&h, dust mass, dust termperature
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A SIMPLE MODEL OF GALAXY EMISSION

Spectral Energy Distribution (SED) of a galaxy

stellar radiation

10°%F

10°F

Monochromaric Luminosity, vLy [Lo]

0.1 1 10 100 1000
Wavelength, A [pum]

Data from Galliano, Galametz, and Jones ARAA 2017
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A SIMPLE MODEL OF

GALAXY EMISSION

lonizong radiation

Monochromaric Luminosity, vLy [Lo]

10°%F

10°F

Spectral Energy Distribution (SED) of a galaxy

HB Ha
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Wavelength, A [pum]

Data from Galliano, Galametz, and Jones ARAA 2017
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A SIMPLE MODEL OF GALAXY EMISSION

Monochromaric Luminosity, vLy[Lo]

10°F

108

107+

10°%

10°F

Spectral Energy Distribution (SED) of a galaxy

Attenuation
and
Scaitering

0.1 1 10 100 1000
Wavelength, A [pm]

Data from Galliano, Galametz, and Jones ARAA 2017

§ Irene Shivaei, University of Arizona

INAF-OAS Bologna — 29 April 2021



A SIMPLE MODEL OF GALAXY EMISSION

/""’7 Spectral Energy Distribution (SED) of a galaxy
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Data from Galliano, Galametz, and Jones ARAA 2017
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DUST ATTENUATION/EMISSION
IMPACTS ALL OF THESE QUANTITIES: Spectral Energy Distribution (SED) of a galaxy

10°F
star formation rate

108}
skellar mwass

age 107+

star formation history -

Attehuation
and

stellar FOPMLQEEOM propev%ie_s: me&att&ci&v, bLM&f&Ev Scaftering

Monochromaric Luminosity, vLy [Lo]

ISM gas proper&&es: abuvxciantes, Lonizing radiakion 0.1 1 10 100 1000 )

Wavelength, A
Aust properties: optical ciep&k, dust mass, dust temperature Vv g [um]

Data from Galliano, Galametz, and Jones ARAA 2017
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UNOBSCURED AND OBSCURED SFR Unobscured Obscured

SFR SFR
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Data from Galliano, Galametz, and Jones ARAA 2017
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CosMIC STAR FORMATION ACTIVITY

lookback time (Gyr)
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SIGNIFICANT FRACTION OF STAR FORMATION IS DUST OBSCURED AT HIGH REDSHIFTS

3 _I I | I | I | | | | I |
o _0.8 N -~ Dust Obscured
8 L Star Formation _
Q B i
= B B i
d —1.2 —
- L i
O i HH -
T _16 _Ii '
é - | )
@ A o T - il _
LL . AHHT 'L 1 § _
-§ —< }gTi;ﬁ' ' L - %
&) i i
é Sl Unobscured
Z —<.4 % Star Formation - -
O i | T T e e e |
0 1 2 3 4 5 678

redshift
Madau & Dickinson (2014)

§ Irene Shivaei, University of Arizona INAF-OAS Bologna — 29 April 2021



SIGNIFICANT FRACTION OF STAR FORMATION IS DUST OBSCURED AT HIGH REDSHIFTS
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SIGNIFICANT FRACTION OF STAR FORMATION IS DUST OBSCURED AT HIGH REDSHIFTS
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Going to lower masses

Data from Shivaei+(2016, 2017)
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_ Casey+2018
e Step 1: how much dust is there? T N S e
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e Step 1: how much dust is there?

e Step 2: evolution of dust and

chemical enrichment of the ISM

Monochromatic Luminosity, vL, [Le]
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e Step 1: how much dust is there?

e Step 2: evolution of dust and

chemical enrichment of the ISM

Monochromatic Luminosity, vL, [Le]
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It’'s one connected system

HIl region i iati '
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Feb 2015

J (1.2 yum) H (1.6 um) K(2.2 um)
Observed spectra at z~2

Team Meeting, UC Riverside,

i (8 i
i S

48.5 nights with MOSFIRE on Keck | (2012- 2016)
Rest-frame optical spectra of ~ 1500 H-selected galaxies

1.37 <z<3.80

CANDELS fields
Collaboration between UC Berkeley, UCLA,
UC San Diegc R

DY

-

§ Irene Shivaei, University of Arizona INAF-OAS Bologna — 29 April 2021



UV-OPTICAL ATTENUATION

Monochromaric Luminosity, vLy [Lo]
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UV AND OPTICAL TRACED BY LARGE GROUND AND SPACE OBSERVATORIES
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DUST ATTENUATION/EXTINCTION CURVE
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EFFECT OF DUST ON TWO COMMONLY-USED SFR INDICATORS
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THE EFFECT OF DUST ATTENUATION CURVE ON SED FITTING®
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WHAT MAKES THE ATTENUATION CURVES DIFFERENT"?

Geometry of dust with
respect to stars
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WHAT MAKES THE ATTENUATION CURVES DIFFERENT"?

Geometry of dust with
respect to stars
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THE TWO EFFECTS ARE ENTANGLED

Geometry of dust with Dust grain composition and
respect to stars : size distribution
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DERIVING THE ATTENUATION CURVE (METHODOLOGY OF CALZETTI ET AL. 2000)

Young star-forming galaxies have the
same intrinsic UV SEDs; sort to less and 7, = 0.0 Y
more heavily obscured bins according to ore
b | dust
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See also: Calzetti+2000, Battisti+2016, 2017a, 2017b, Reddy+2015, Shivaei+2020a

Data from Shivaei+2020a
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ATTENUATION CURVE AT Z~2 AS A FUNCTION OF METALLICITY
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Different dust Grains Properties and/or Age-dependent attenuation
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Origin of the UV bump feature
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PAH: Polycyclic
Aromatic Hydrocarbon

Origin of the UV bump feature

Shivaei et al. (2020a)
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PAH: Polycyclic
Aromatic Hydrocarbon

PAHs as the origin of the Bump?

Shivaei et al. (2020a)
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Thermal
Dust
Emission

Herschel

IRX-[3 DUST ATTENUATION RELATION

At high redshifts, only UV is accessible for large
samples of typical galaxies
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WHAT DETERMINES THE LOCUS OF GALAXIES IN IRX-[3?
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At a given [3, IRX strongly correlations with metallicity

Shivaei et al. (2020Db)

IRX=L(IR)/L(UV)

Metallicity is an important factor in the scatter of IRX-[3
(the correlation with mass is much weaker)
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UV SFRs corrected using metallicity-dependent dust curves are accurate

Tested against Ha, H[3 star-formation rates:

SFRsep = SFRHq, HB

Averages and
standard deviations

Averages and
standard deviations
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Using a shallow curve for low-metallicity or a steep curve for high-metallicity
affects SFR estimates by x3

Shivaei et al. (2020a)
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UV SFRs corrected using metallicity-dependent dust curves are accurate

Tested against Ha, H[3 star-formation rates: and IR measurements:

SFRsep = SFRHq, Hp
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We have a good understanding of the behavior of cold
dust emission in IR-bright star-forming galaxies at z>"

10000

z~1.5-4.0 High Metallicity (De Rossi, Rieke, Shivaei+2018)
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FIR dust continuum emission In typical z~2 galaxies
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Deep 38-hour ALMA Cycle-7 program to trace dust
continuum emission In typical z~2 galaxies (Pl: I. Shivaei)
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® MOSDEF sampleatz~15-2.5
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Similar intense warm component has been observed in local dwarf galaxies (DGS survey):

Remy_Ruyer+2015 Shivaei+(in prep)
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Same effect at z~0 and z~2 but at different O/H:

| ® MOSDEFsampleatz~1.5-2.5 Shivaei+(in prep)
9.0 -1 QO ALMA targets
b i
E 8.8 -
L I
9 8.6 - Median metallicity of z~2 “low-metallicity” sample (Shivaei+):
o) ; . N
S gq 2+log(O/H)s1s = 8.4 o
;\,l- 1 12+log(O/H)ppos = 8.3
—~ 8.2 -
j Median metallicity of z~0 DGS sample (Remy-Ruyer+2015):
8.0 —femen e e e 15 10g(O/H) = 7.9
9.5 10 10.5 11
log(Mass/Mg)
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The IR emission properties of dwarf galaxies at z~0 are observed in more luminous galaxies at z~2:

| ® MOSDEFsampleatz~1.5-2.5 Shivaei+(in prep)
9.0 1 O ALMA targets

S ] i

18 —
£8.8-

I 1 =

S~
2

-+ ;
N — 12+
r—

og(O/

og(O/

Median metallicity of z~2 “low-metallicity” sample (Shivaei+):
H)s1s = 8.4

or

)PPo4 = 8.3

Median metallicity of z~0 DGS sample (Remy-Ruyer+2015):

= < = a3 = M = <’ = - 3 e = d = . = d .
L] I 1 L] L] L] I 1 1 L] 1 I L]

e
9.5 10 10.5 11
log(Mass/Mg)

 Calibrations at z~2 are incorrect by ~0.3 dex [unlikely X ]

« More intense interstellar radiation field at a given O/H at z~2 [likely; super-solar O/Fe abundances at z~2 {4 ]

* Lower dust/gas at a given O/H at z~2 [not known ? ]
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THE MID-IR SPECTRA OF GALAXIES

 The mid-IR emission features are commonly attributed to PAH emission

 PAHs are the most abundant organic molecules in space
and account for up to ~ 20% of the IR emission of galaxies

I ] || ] I I | l 1 I I I 1 l 1
C C stretch
C H streich Combination CH in-plane  CH out-of-plane
modes bending bending
Plateau | |
— B L N | ! .
e 30 - =
= : :
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>
g 10 -
Q
T E
% - | ' . :
3 S Orion Bar (H2S1) Leiden Observatory
= : A b ‘:“;‘ - 1 i
3 4 5 6 78 9 10 20 Polycyclic Aromatic Hydrocarbon

Tielens ARAA 2008, Peeters+2002 WS ey (PAH) molecule
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IR emission of a typical z~2 galaxy

= 30 limits for 1 hour integration:

Spitzer

_| JWST MIRI

O V not confusion limited

L(IR)=10115 Lo template from Rieke+2009
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Image credit: Casey Papovich
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IR emission of a typical z~2 galaxy

= 30 limits for 1 hour integration:

Spitzer

" JWST MIRI

L(IR)=10115 Lo template from Rieke+2009

10° 10°

Wavelength [um]

HIGHER SENSITIVITY, HIGHER RESOLUTION, MULTIPLE BANDS
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Image credit: Casey Papovich
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Survey Parameters:

5 —25um

30 arcminZ

~8udy at 21um (100)

~30 hours (exposure time)
NIRSpec follow-up

MIRI bands (5-28pm) will
provide a very low-res
spectra (R~5)

102

10°

102

Flux

el T 111N

10°

- z~1.0

MIRI bands

PrIir v

Wavelength [,um]

5‘Z~2.O

Wavelength [um]

see: Rieke, Alberts, Shivaei+2019, JWST/MIRI Surveys in GOODS-S
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10°
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Flux

10°

TRACING MID-IR EMISSION AT z~1-2 WITH JWST MIRI

JWST/MIRI GTO EXTRAGALACTIC PROGRAM IN GOODS-SOUTH (PIl: GEORGE RIEKE, UNIVERSITY OF ARIZONA)
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Wavelength [um]
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COMPLETE PICTURE OF STAR FORMATION AT Z~2

JWST/MIRI GTO EXTRAGALACTIC PROGRAM IN GOODS-SOUTH

* > 800 galaxies with SFR >10 Mo/yr at z~1-2
e S/N~10 at 21um

* at z~2 corresponds to
obscured SFR of ~10 Ma/yr

and L(IR) ~ 10" Lo

Observed Wavelength [ m]

* An order of magnitude deeper than
Spitzer/MIPS

0 1 2 3 4
Redshilt
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MID-IR AROMATIC BANDS RELATIVE INTENSITIES

JWST/MIRI GTO EXTRAGALACTIC PROGRAM IN GOODS-SOUTH

2 [T

. L . R0 O ey, e MMP ISRF x=1.23, 123
- Properties of PAH molecules in high-z galaxies 4 o i $.igx%8:§.xxjgj
. 3 T.=3x10%K. ’;;105
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0.1 (] 0.3 0.5

Wavelength [um] P(6.2um)/P(7.7um)

See also: Tielens 2008, Smith et al. 2007, Draine & Li 2007, Peeters et al. 2002, Hony et al. 2001, Galliano et al. 2008, Maragkoudakis et al. 2020
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JWST/MIRI GTO EXTRAGALACTIC PROGRAM IN GOODS-SOUTH

* Properties of PAH molecules in high-z galaxies
> size and charge state

» Physical conditions of ISM and emitting sources

 the radiation field to which PAHs are exposed to

10° 7z~1.0

Flux

10t |

MIRI bands

NOJMWW-L

Wavelength [,um]

MID-IR AROMATIC BANDS RELATIVE INTENSITIES

Band ratio calibration

l I | | I | l 1 | |
Orion Bar
15 | = 1l @ -
T §>‘#@§
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D
oP| |-
30 il NGC 2023 7 |
B 1.
= *
= 4
Al -
<
11
0.5 NGC 7027 | | 1
Tielens 2008, Galliano+2008
1 I 1 1 1 | l 1 I 1 | 1
500 1000 3000

lonization parameter « (G/n ) x (T /10° K)** (cm?)

See also: Tielens 2008, Smith et al. 2007, Draine & Li 2007, Peeters et al. 2002, Hony et al. 2001, Galliano et al. 2008, Maragkoudakis et al. 2020
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NIRSPEC SPECTROSCOPIC FOLLOWUP

JWST/MIRI GTO EXTRAGALACTIC PROGRAM IN GOODS-SOUTH

« NIRSpec MSA, 1-5um, R=1000
e G140M/F100LP: 7ksec
e G235M/F170LP: 7ksec
« G395M/F290LP: 3.5ksec

* 3 pointings
« [Oll], HpB, [Olll], Ha, [NIl], Paa
e Ha SFRs ~ 1Meo/yr at z~2

* Fha ~ 10-18 erg/s/cm?
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SUMMARY

* The first studies that connect the ionized gas properties to dust attenuation
and emission features in typical L™ galaxies at Cosmic Noon:

* A steep attenuation curve at low gas metallicities (steeper than the
Calzetti starburst curve)

 Hotter and a wider range of dust temperatures at sub-solar metallicities

* Understand the physics of ISM and its evolution compared to z~0
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SUMMARY

* The first studies that connect the ionized gas properties to dust attenuation
and emission features in typical L* galaxies at Cosmic Noon:

* A steep attenuation curve at low gas metallicities (steeper than the
Calzetti starburst curve)

 Hotter and a wider range of dust temperatures at sub-solar metallicities

* Understand the physics of ISM and its evolution compared to z~0

|

Origins [2]

]

p Multi-wavelength spectroscopic and
photometric surveys of galaxies and
AGN at z~1-3 are the next frontier:

vl, (Lo

Monochromatic Luminosity,

0.1 1 10 100 1000
Wavelength, A [um]
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