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Why should we care
about dust?

e Shapes our view of
galaxies by absorption in
UV and optical and re-
emission in IR

* Important roles in physics
and chemistry of ISM

lonizing I 217.50m L | Aromatic felotures |
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Why should we care about dust at high redshifts?
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Why should we care about dust in early universe”?

850 um continuum / F160W

Knudsen+2017 Tamura+2019 Bowler+2018 Zavala+2018
z=7.5 z=8.31 z=7.17 7=6.02
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How much do we know about dust at high redshifts?

> Does the IR emission evolve with redshift?

4 FIRE z = 0 simulations COSMOS mid-z sample 20
H-ATLAS z < 0.1 sample  +# SPT (z) ~ 4.3 sample
COSMOS mid-z sample 10— Casey+18a power-law model
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How much do we know about dust at high redshifts?

50

> Does the IR emission evolve with redshift?

45
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How much do we know about dust at high redshifts?

> Does the IR emission evolve with redshift?
> Does the attenuation curve evolve with redshift?

17.5 A

15.0 A

12.5 A

2.5 A

0.0 A

.
.
.
e
. ’m
®
.¥

—— Milky Way (Cardelli+1989)
== Calzetti+2000

LMC (Gordon+2003)
SMC (Gordon+2003)

1000

2000
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How much do we know about dust at high redshifts?

» Does the IR emission evolve with redshift?
» Does the attenuation curve evolve with redshift? IRX-beta relation/attenuation curve slope

103 3 I I I I I 1 I
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Bump Strength

How much do we know about dust at high redshifts?

> Does the IR emission evolve with redshift?
» Does the attenuation curve evolve with redshift? UV extinction bump
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How much do we know about dust at high redshifts?

> Does the IR emission evolve with redshift?
» Does the attenuation curve evolve with redshift? UV extinction bump
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lookback time (Gyr)
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I 217.5nm
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Current data/facilities ¢ | A A A2 cora
10* | Herschel
| A, A :
IR emission of a typical z~2 galaxy, — 107§ E
with 3-sigma detection limits of different = | S
instruments in 1 hour integrations x 102 | P
TH
10" |
100 |
| L(IR)=1011-5 ¢ template at z~2 _
10™ —_ —_
10° 10° 10°
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IR emission of a typical z~2 galaxy

» Mid-IR traces the PAH emission at z~2 . A T -
. . . 107 F A A A SOFIA
- Good tracer of IR emission, given the higher ; ;
sensitivity and spatial resolution of Spitzer 104 Herschel
_ N _
3 La
10" F i
» Any redshift evolution in L(PAH)/L(IR)? T |~ A
E 102 ’ Spitzer A ’
|\
NG
101 | oy _
10° _:
| L(IR)=10"15 Lo template from Rieke+2009
10 S
10° 10° 10°

Wavelength [pum]
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Limited to dusty and highly star-forming galaxies at z>1

RUJopakran+201 4
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See also: Kennicutt & Evans (2012), Reddy et al. (2012), Wuyts et al. (2008), Bavouzet et al. (2008), Rigby et al. (2008), Caputi et al. (2007)

¢

Irene Shivaei, University of Arizona

Extremely Big Eyes On the Early Universe, Rome, 12 Sep 2019



How does the PAH intensity changes in lower-mass, lower-metallicity galaxies at z~2
compared to z~07?
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i 0 o
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1 >
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The PAH intensity decreases with decreasing metallicity in agreement with low-

redshift studies
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The PAH intensity decreases with decreasing metallicity in agreement with low-

redshift studies, but at a different oxygen abundance
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Loeal Callbratlons to Convert PAH emission to L(IR) should be used W|th cautlon at

hlgh redshits
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Local calibrations to PAH emission to L(IR)

should be used with |

-
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JWST to the rescue!

IR emission of a typical z~2 galaxy

——— . — 10° A A A, SOFIA
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IR emission of a typical z~2 galaxy

Welha.ve ano?che.r ’Fracer of IR. 10° | A A A4 SOFA
emission for individual galaxies: | j
10* | Herschel
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IR emission of a typical z~2 galaxy

» Does the Rayleigh-deans emission 10° A A A, SOFA
change with metallicity? | :
10* | Herschel
10000 A A >
z~1.5-4.0 High Metallicity (De Rossi+2018) __10° } -
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IR emission of a typical z~2 galaxy

* Does the Rayleigh-Jeans emission 10° | A A A, SOFA
change with metallicity?
10* | Herschel
I A i

3 A A
107 F -

* We need a sample with:
1. Metallicity measurements
2. ALMA observations of typical z~2
galaxies (not detected in any of the 10°
current ALMA deep field surveys) :

Spitzer

Flux [pJyl]

1 hour integration
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10° E
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40-hour ALMA cycle-7 program to trace dust continuum emission

INn typical z~2 galaxies (P!: I. Shivaei)

Metallicity measurements
(MOSDEF survey)

Tracing a new unexplored
parameter space

1 V ALMA targets, bin 1
O ALMA targets, bin 2
| [ ALMA targets, bin 3
X Additional CO data
@ :'F‘ B
_h Hp® 5‘ ____________ i
FwwO - O '&' :
'AZNEE ° D
:
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Scoville+16 coverage (no metallicity info)
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What can optical/near-IR telescopes add to this picture?

[Ol1]

(Ol -
i
Rest-frame optical spectra
sl
J-
Balmer decrement: Ha
Hp
. Ha/Hp
Balmer optical depth: 7, = In(
2.86
2.5 Ha/Hp

Reddening along the line of sight towards the ionized gas: E(B — V) =

o) — ks 286
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Getting accurately dust-corrected instantaneous SFRs

 Ha Is associated to the most massive stars with short life times >>
iInstantaneous SFR indicator
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Getting accurately dust-corrected instantaneous SFRs

 Ha is associated to the most massive stars with short life times >>
instantaneous SFR indicator
... but needs dust correction

2.5 Ha/Hp

log( )

E(B-V)= 0
k(Ha) — k(Hp) 2.86
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instantaneous SFR indicator
... but needs dust correction

2.5 Ha/Hp

o — k) 2 g6 )

E(B - V) =

Dust-corrected Ha luminosity (using
Balmer decrement) accurately traces

SFR in dust star-forming galaxies at
Z~2

From UV to IR (Herschel)

L SFRpy sep [M g yr]

Shivaei+2016

Getting accurately dust-corrected instantaneous SFRs

 Ha is associated to the most massive stars with short life times >>
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Constraining dust attenuation curve at high redshifts

Average SEDs with the same

intrinsic shape but different dust
reddening, defined independently 100
by Balmer optical depth: 3

More
| dust

Ha/Hﬁ) WS
2.86

7, = In(

10_1j

A

Shivaei+(in prep)

1072

w1
A[A]
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Constraining dust attenuation curve at high redshifts

> Does the attenuation curve evolve
with redshift?

> Does the attenuation curve vary
from galaxy to galaxy?

» What are the main physical
properties that determine the shape
of the attenuation curve?
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Constraining dust attenuation curve at z~2

Sample of ~330 galaxies with robust
(>30) Ha and H3 from the MOSDEF
survey (Keck/MOSFIRE NIR spectra)
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= ~ 210 with robust O3N2 metallicity
e Separated at 12+log(O/H) = 8.5

e Fach in 4 1p bins
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Constraining dust attenuation curve at z~2

> Preliminary results show that the
shape of the attenuation curve
changes with metallicity

» Important implications for rest-
frame UV dust attenuation
correction of high-z galaxies
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resolved maps of emission lines: dust/star geometry in high-redshift galaxies >> NIR IFU

Sensitivity
pushing the limits to fainter targets >> multi-obj NIR spectrograph

Shorter (optical) wavelength access
dust features in the rest-frame UV >> multi-obj optical spectrograph

Y Irene Shivaei, University of Arizona Extremely Big Eyes On the Early Universe, Rome, 12 Sep 2019



Spatial Resolution (synergy with JWST/NIRCam and ALMA)

Resolved optical stellar continuum images >> JWST/NIRCam (also ELT MICADO)
Resolved maps of emission lines: dust/star geometry in high-redshift galaxies
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Ha map simulations of HARMONI on ELT for z~2 clumpy galaxies in 10 hours integration
Zieleniewski+2015
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Summary

* Our understanding of the dust properties in high-z universe is very incomplete

 Knowing that the ISM conditions are different at high redshifts compared to the
local universe, we cannot apply the same local relations to the high-redshift galaxies

e Spitzer and ALMA provide us with individual detections of obscured SF at z ~ 2

 JWST/MIRI will improve upon these results, given its higher sensitivity and spatial
resolution compared to Spitzer/MIPS

* Rest-optical Balmer lines (Ha and H) tells us about dust attenuation towards nebular
regions

 With data from 10-m class telescopes, for the first time, we are able to constrain the
attenuation curve at high redshifts

 Next generation of 30-m class telescopes will improve our understanding of nebular
and stellar dust attenuation given their higher spatial resolution and sensitivity
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