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Ui se How d'rd qalaxres and MBHs F‘orm and Evolve’P The IR Vlew
o I ". i i 3 ..O .‘,., : -
Why go to the trouble of fauqt gataxy spectroscopy |n the Far-lR’?
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1 Go farnter and deeper than prevaously Qossrble new detectlons el
bettér SNR blah blah bIah SRR s *

2 Observe our best dlagnostlcs at hrqher %dshlfts

3 Uncover energy generatlon |n galaxres that |s heavrly dust extlncted | |

.. -v'.' ‘.

- ' ‘4 Obtam better |on|zed g_ dragnostxcs than UV/optlcaL em|SS|on Irnes
% to Iearn about power generatlon dynamlcs mergers/rnteractlons
element enrlchment f o e
5 StUdy galaxy components that are hardly vrslble at'other Wavelengths
s B Molecules (shockjng example Phll Appleton tomorrow)
To see the key processes that grgw stars (dISkS bulges) and MBHs eg
mﬂows/feedrng outflows/wrnds/feedback Hases o a




¥ I'm reluctant to beat a dead'hqrie. .But...




We infer Larg'

: Optical dala miss ‘mosi

: Most:En * f‘
‘ (Av>3mag star| ~&£

NB: some previously shown figures

but since those conclusions relied N ;
U\ selection, we really have no ideh
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Balmer Dacreménts in SDF: “Gold.Standard”... for Av<2

i e > ‘ 1
*Gas reddening increases >50 detected m
alarmingly - 2-35 detected &

with stellar mass*

Sorry, bdt even neat-IR
observations will suffer
from (uncertain) large
extinction
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z=0.40 (NB921 Hg)]
z=0.50 (NB973 Ha)
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Akari/IRC Warm Mission: 2.5--5um Iow—res‘olution Grism

Slitless Spectroscopy of Starbursts (MM with Matsuhara, Sakai, Ohya
Bro is a few--ten times ‘too strong’ for Ha! &
We need'to replace the “Gold Standard” with a Platinum Standard!!



Akari Grism SpeCtrosopy of Br-a.in LIRGs
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X more LIRGs .
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IRAS09111-1007
X 1131 <

X (13 1]

C5256
“ v IC58CSZR0: ~ 1000

¢ ' . 11.0 11.2
logMass/M _sun)

. Whéther you measure Ho with'wide slits, or NB imaging, ]
In more than half of these galaxies it is far too weak to besexplained
By.Case B recombination and the usual 1 mag of extinction "



Besides simply ‘Qetting around’ all this,dust, =
4 it's important to study grain EMISSION:
! 7Gm PAH feature is the strongést, most inforggative spectral S|gnature

Mostly powered by young stars . -
» PAHs:can dominate an, entire broad mid-IR band

*AKARI/IRC/NEP (with 9 IR filters 3--24um) measured them at z>1:

I
~In loc8l galaxies, the o
PAHs become weaker in

T. Takagi et al.: Polycyclic aromatic hydrocarbon (PAH) luminous galaxies at 7 ~ 1

Spitzer IRS local sample

L’LI RG Sa er n ¢ ©  All-band detected starbursts
. } . ) O PAH-selected galaxies
Seyfert nuclei - — Houck et al. (2007)

e galaxies at z>1

But atshigher redshifts,
It’s a different story!
The ‘ULIRGs’ instead
Are like 10x* -
scaled-tp .-
‘Normal’ Spirals
(global starbursts?).
There are even some L L L

“‘Super-PAH” galaxies Log L(IR)
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The glass temperature Tg ~1000 K for silicates

(T

evap

lass

~1500 K )

> : atoms in mineral are mobile, crystallization
cond lass
may occur

< T,.... immediate freeze out — amorphous silicate

cond gla

Slides from Ciska Kemper
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(Quasar foregrounc
(Damped Lya system) has a
crystallinity of 95%

10um

' LAB. AMORHPQUS

Olivine
Horton

Normalized Flux

Fayalite

o Bronzite
S AvgSil.

t LAB. CRYSTALLINE (OTHER) | . AvgSerp.
8 10




Help! Our rest frame gas diagnostics are broken!
* " The [Olll] Problem at z>0 |

Starburst Galaxies are Differenf from local onés®

Extremely High-lonization gas ([Olll}/Hp > 3) .
It messes up our keyline ratio diagnostics, such as the BP& diagram:

Purely (?) Star-forming galaxies are 'shifted (wrt Sloan local contours)
« towards the “Composite” (AGN+HII) region, due to their excsswe

»
iQnization
T I T T
- Seyfert
Redshif TN
1.0} ., TR T 28 _
oo s = . 2 t }
. : o Y ' - ...\t:l | o:?}s
o) o8O Ny 0 SR ol
E 0.5 ' u: ,°-95:{:76_‘:9£ "E0.23 a !
N~ < 05k ' ‘Hia %5 DL Lo LI s 20l =
S i N e SN '
8 % %Jo?af "\‘?z 4
< 0.0 Bar ouu,g\?\ |- LINER A
r— . v
E . 0.0+ Stor—Farming/ \ a b4 ! _
O -o.5} 2250 g
R
N \
@ i 025
(e » Green Peas (Cardamone et al. 2009) 2\
— I L 2
—1.0f|* UVLG (compact; Hoopes et al. 2007) |/ . 0e ()
V.o 20 g ¢o. : T
+ UVLG (Hoopes et al. 2007) B , :
e« 7>2 (various authors) Henty et al 2010 Total : 68 . SDF: Chun etal 2012
-15 A . : [ ®S/N(Ha 2 5, S/N([NII]) 2 2;N%29/5) |
-1.5 -1.0 -0.5 0.0 L 0S/N(Ha 2 5, S/N([NI]) = 1-25\N% \;
lo NIl A\ 6583/ Ho 10 1 A B .
2.0 1.5 1.0 0.5 0.0 0.f

og([N 1] X6583/H«)
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f Lower Metallicity (No:*problem is ajfixed [O/H])

2. .Higher.lonization Parameter (No: would suppress [NII]) =

. 3. Higher Density (No contradicts [SII] ratios) »

4. AGN Component (No supporting evidence for AGN, shocks)

5" “Harder lonizing Spectrum (No: other lines ‘norﬁlat’) .
6. "Enhanced” N/O ratio? Could it be the [NII]/Ha is ‘too high’?

—_ —_
Q. Q.
I I
- -
Q. 0.0 S o0
2 r A 2 r Star-forming Liner/Shock 7
< Star-forming = 1
L % " a s
0.5~ [ z~2.2 sample \\ ‘\ ] 0.5 ]
B * z~1.5 sample 2 \ \ 7 B
gomposite, all
omposite, z~2.2
< Composite, z~1.5 o
- [} FIRE composite, all .
+eeeeeeennes Kaufmann et al. 2003_ o FIRE composite, z~1.5
-1.0— | - --- Kewleyetal. 2013, z=1.5 — -1.0+ p FIRE composite. z-2.2 —
L - = = = Kewley et al. 2013, z=2.2 A L Kewley et al 2001

L ". \ - L
| L 1 L L | L " L L | L 1 L L Lriligt 0 - & o L | L L L L 1 " " " 1 | 1 1 1 1

0.0

-
[6)]
—_
o
o
[6)]

2.0 = : -0. 15 1.0 -0.5
log(INIl/Hor) M%%ters et al 2014 log([SI1}/Har)




Our Rest Frame Optical (“strong line”) Metatlicity Méasures
¥ ...Are also broken '

9.0
WISH» «
Emissiof I 88
Line ratios ®
* % = * -
Q/J.rldlcl:ate o) 8.6
er%/ lOW 3 ® This work (dust comrected)
meta o) 8.4 O This work (no dust comection)
abundafices — SDSS (Tremonti et al. 2004)
™N 0 Stacked (z-~2.3; Erb+06)
~ 82

But'we cant

® z-0.65(Henry et al. 2013)
trust-Mass/ o z-~0.8 (Zahid et al. 2011)

Momentum Driven Wind
Energy Driven Wind

A . . . . 10.0 10.5 11.0

0o
(=)

Metallicity
relations
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.....

....

Don't trust either axis, &

Based on strong optical
8.5 9.0 Emission lines

12+loa(O/H Masters et al 2014




. Tothe Rescue! 5
. MIR-FIR spectroscopy of fine Structure lines
tgfmeasure galaxies metallicities throughou the.redsh|ft range z=0-3 *
5 .

]II

[O111151.80/[N111]57.21

log U=-1.5 log U=-2.5

lllll

0.1

Zgas/Zg

» determine metallicity through modelling: a number of mid and far infrared
lines can be used for this purpose. Nagao et al (2011) showed how
metallicities can be determined without hydrogen line detections.

o [Ol]52um, [NIl]57um and [Olll]88um are quite strong and unaffected by
dust so these will be used to measure metallicities.
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MEx {Juneau et al. 2013)
calbration offset at z=2.

=
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=
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g
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9 10
Log(Mass) [M4

. & duneau, Atek et al 2014, and others. .




Why is infrared spectroscopy the best tool to isolate star
formation and accretion?

Infrared fine structure lines
: ™

= Photodissociation Coron@l Regions
Regions

-

IR fine structure lines:
- separate different

f physical mechanisms,
- fully cover the
ionization-density
parameter space

- do not suffer from
extinction

108

[SiVI]
[SivII] (six)
b *
[SiviI]
W[ Mg VIII]
*
[SilX]

108

108

104

Spinoglio & Malkan ‘92
predicted line intensities
of IR lines in active and

critical density (cm=3)

> starburst galaxies, before
n EF Stellar/HIl ISO launch.
Q Regions
_O | 1 1 1 1 1 T | . . .
10 100 lonization

.

ionization potential (eV)

>




Far-Infrared Spectra of IR-Bright Galaxies

Plenty of strong mid- and far-IR o,

features to detect high-z galaxies | /\\\ cn
and measure redshifts e
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Starbursls (LWS)

a pure Seyfert 2
HBLR
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a Seyfert Lype |
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[ = T AGN1 - SY1 e acNt —svr T  100% AGN.

N non—BLR La_non-BLR - ____ -2 r—=
ol e AGN1 - HBLR | 100% AGN _ L « AGN1 — HBLR :
FS AGNZ2 ~ "~ TT o T T i AGN B
non-SY, HII, SB gal e non—3Y, HII, 5B gal

non—SY; LINER non—3Y; LINER

e " Peacal Vid-IR Line
% T 3Bl Diagnostics

0IV(25.89um)/Nell(12.8um)
[NeV(14pm)/Nell(12 Bum)]
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i A /
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“EW (Nel12um) disentangle AGN N
from starburst
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Diagnostics:
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Herschel

far-IR lines (from [NIl] and [CII]
can measure the contribution
of PDR (Photo-Dissociation
Regions)

Disentangle AGN and HlI
regions from PDR

We’ll have a good local
z=0 baseline
(At high z, galaxies are going to

be very hard to map in IR)
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" Extending the work go aIIAGNs measured in the Local Universe with Herschel-PACS

spegtroscopy (about 170 AGNs) (Juan Antonio Fernandez-Ontiveros, LS et al 2015)

.
l@ 7\ T TTTT T T TTTT T \\\\H‘ T T \\\\H‘ T T TTTT ] 1@ 7\\\ T T \\\‘ T T \\\‘ T T
B e L }—L—‘ Starburst’s
L _ B Continmons
B Starburst’s i i Age=R20Myr |
L Continuous N L . r stop=50K .
Ane=R0Myr | | N . |
g stop=00K a
5 L n 3 N :;4_57
() D
Ne N 1 _|
= 1 = = B ]
= RN/ 1] = 1
> K] ~ - :
— —
=) = 041 L —
< BSO1 02 E 035 oStarbursts E b E
— 0.1 ‘ o LIVERs i = C 4
T - e Starbursis _
g pure Seyfert @ B L e LINERs i
_ | pure Seyfert 2
a HELR ] Z HELR 1
A Seyfert type 1 - A SEYFEN type 1 _
Lol Lol LTl Lol Lol L] I ‘ I N
d 0.01 0.1 1 10 100 01 1 L0
[OIIT]88 wm / [CI]63 pum [Nell]12.8 pwm / [Nelll]15.5 wm

' .



MidsntraredinneiagnosticsiORSeyiertiGalaxieStEromal e s 2y Sample
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Thus E.W. of non-AGN emission such as [Nell] and I#\Hs is inversely
proportional to AGN fraCtion, of mid-IR light.

"And the more AGN light, the*more compact the mid-IR continuum:

“Extendedness” = Ratio of 19um continuum in big slit/small slit
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. ik
Seyfert 1's (red) and Seyfert 2'sswith
Polarized Broad Lines (magenta) have mid-
"R emission dominated by AGN, in contrast
to starbursts and LINERs (green). Seyfert
2’s without Polarized Bgoad Linés {(cygn)

are a miked bag. .Some probably have
their central AGN shut down currently (ie

» this century).
» »

» These ionization-sensitive [-line ratios give
the same quantitative estimates as the IR
dust.continuum:

A stronger AGN line contributibn is closely
tied to stronger (nonstellar) 2--25um
cohtinuum from hot duSt near the nucleus,
with NO PAH’s. )
»
» . ' %

»
. ) Starburst

e
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=
g
3
Q
[aV]
-
©
Z
N
g
3
3
=
z
=
©
Z

50% AGN

-0.5

[At her IPAC'talk I first asked my o PAH (11250
future wife for her phone number.

As a good scientist, ...«




What we want to measure with I\(IIR/FIR spectrdscopy

thé’ Star formation peak and the MBH Accretion peak at z=1-6
| . B

r | |
o Q2
; \\ Q.
5’-! 10 : RN - — 2
= 1
— ‘ [ T -;-
I S ”
= A ®
= N
— N E 10,5
E R SR> . < i —e— Delvecchio+13
LL 101/ 51 KD = [ e Merloni+08
g 10 —%— Vaccar atal. 203 i B‘ | Merloni+12
—— Hop< 15 & 3eacom (2008) L _— H()pkillS+07
- Bearmcozl, Wecns er & Coray (7013 |
& Baije e oal 20123
m | i, [rera WFis work 0 l 2 3 4
0.0 0.3 1.0 1.t 2.0 25 30 35 1.0
redshift Z

Delvecchio+13

* Evolution of the Star Formation Rate Density (SFRD) and of the Black Hole Accretion Rate
Density (BHAR) as a function of redshif (Burgarella et al. 2013; Delvecchio et al 2014)

P S A e .



Four local templates: a& what redshift.can SPICA'dgtect their lines ?*
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Predictions offlines _observa'ble with SAFARI, SMI and with a hypothetic spectbmeter with a required line
sensitivity of 5x10°° W/m? and of 3x10%° W/m? (1 hr. 50), respectively, based on local templates, scaled
to a luminosity of 10*? L ..Expected JWST-MIRI sensitivities are also shown. (Spinoglio et'al. 2012, 2014--

also Onaka-san’s talk).

Left: AGN templates.

Right: Starburst templates.



Veilleux & Osterbrock 1987 ("'100 gaIaX|es)

OPTICAL
SPECTROSCOPY

MIR-FIR
SPECTROSCOPY
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If the difference between all Seyfert 1°s and From Andy Lawrence’s
all Seyfert 2°s is entirely obscurationy we Warped imagination:
still do not know where it occurs!

We need to think ‘outside the donut’, to
cOnsider warped disks and/or radiatively’ Accreting Torus Model Galactic Dust Model
driven dust walls (AT (0

Galactic Dust

This angle sees the BLR

To constrain the geometry, we must figure Classifies as sy 1
out the true ratio of space densities of Sy 1s Narron Line Region /4
Sy 2s:

/

Dust and Gas
- Torus

- if >100pc 2
R 0.1-1pc

Central engine & BLR

Bipolar outflow from Central Engine

This angle does “
not see BLR, only

scattered light.
ce: N
Classifies as Sy 2

10 - 100pc

Central engine & BLR

This angle blocked This angle sees the BLR
by galactic dust. Classifies as Sy 1
Classifies as Sy 2

+ Malkan et al 1998 WFPC2 Imaging survey, !

stributed Narrow Line Region




 We want o measure AGN feed-back/SF queﬁching/bbosting
" fthrough FIR spectroscopy of OH, H,0 in the redshift range z=0-3 =

P-Cygni profiles of the OH 119 um and 80H 120 um partially resolved doublets (/eft) and
the OH 79 um unresolved doublet in Mrk 231 compared with modeled profiles (solid red
curves (see Fischer et al 2010, A&A 518, L41). Absorption in the H,0 4,,-3,, transition with

marked with black (OH), blue (¥0OH), and magenta (H,0) arrows and the instrumental
FWHM is indicated in each panel with horizontal red bars.




4 ULIRG Molecular Outflows and X-ray chemistry
} e -

Sturm +201 ® Herschel/PACS: Blue shifted OH FIR
absorption in Mrk 231 and other
. ULIRGS (Fischer +2010, Sturm +2011) ‘ ’

BTy ° High velocity (*1000 km/s) outAbws
SFR [Me/yr] correlated with AGN. power (IRS da’r‘
+ ngh mass outflow rates:
(_} + (500-1000 Mg yr™) imply very short %
1L gas depletfion timescales (< 107 yrs).
Much smaller than the merger

105 11.0 1.5 120 125 130

0(Luan) [Lo] timescales. gBreakout phase ?

-
.

.
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Molecular. Quitflows

* Blueshifted OH.absorp’rion (outflows) seen
in 70% (26) of LIRGs with.OH. Redshifted

absorption is rare (11%)
»

« >>'moleculdr outflows dFe common at z=0
‘but numbers are still very small

* Terminal velocities*up to 1000 km/s

® Qutflows seen in SB and AGN, but LIRGs
*with more dominant and luminous AGN
have faster outflows .

* ®* correlation of OH EQW and silicate depth

locates outflows inside most of the™
dbscuring dust (Spoon +13)

-

Veilleux@73 20 40 60 80 100

Oy ey (%)
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» . .
- Won ' . o
Molecular Qutflows with CALISTO
: : ‘ by “
® Scaling from local ULIRGs with strong oﬁ’rﬂows, expect OH 79,
119 pm lines to have fluxes of about 2 x 10-20°W m-2.af z=1, 4 x
103 W m=—2 at z=2.
i ’ »
- _ » . ; s .9
.® CALISTO should be able to detect these lines in abeut 10

mins at z=1, and under an hour,at z=2* Starbursts ab&e he
MS would be eveh faster. -

® Would enable a large spectroscopic survey of LIRGs and
ULIRGs (hundreds) for molecular outflows, all ‘of which will have
quantitative measures of the SB/AGN fractions and luminosities
- tie AGN.power to mass outflow rate and velocity in the
molecular gas. .

» ' .

_®*LA, priv. comm.

-



Spinoglio et al.

T T T T T T

v5 E My/p 5/2-3/2

7 I Nucleus

)
E
=
X
|
= - .. Starburst— ring
CI.?
a

* OH Lines in Emission only
* in the archgpypieal Seyfert 2 galaxy
NGC1068! .4 “

116 118‘ 120 »
& 12F l/z—n:,/2 1/2 3/2
. 118 M%ﬁ Line id. A Flux (10~ 19Wem—2) Notes
PR s——— Observed  Modeled
QR 1% U ) DU -
] : S P B :
) e 715 T a2 ngm < .5 (—)012 (absorption)
T T ™ T 22483 Al .
o 4 . .
I e 2712 1 53um < 1.2 -0.4 (absorption)
e F PR 165um <12 0.2
2 38 e L (AT 0.80 1.10
RS ot febelvintutr P setatrial st 84um < 1.2 0.5
160 162 164 166 96um s 0.3
A O ! | 98um <12 0.4
= | 115um .004
o 1.05L 1119pm 1.20 1.31
& 1f 1163um 0.74 0.60

Spinoglio, Malkan,et al 2003 .



~ “Atthis depth,,huge samples ot distant galaxies
“-available n any Deep Field. with little pre-selection

‘ CT T T T T T 11T ‘ TTTTTTTTT ‘ TT T TTTTTT ‘ TTT1TrrroroT ‘ TTTT
i T Numker af Bloreursts in 9 Z.28deg2 ]
[ with Flux > Sx102+=20 W/ 32 T with Flux > 5x10—20 W/me?2

PAHE 11.25 pirm

RS

PAHET T I5m I == [il] 348 pm

! [l 3ur L —
I S i [
- N

[Nell] 138 pm

15734, Buern

—

N of sourees

[Nell]t 2<Bern

F[Nelll] 1S Spm T [Nell] 185 g

[N 57 pm

E N2V Z4gm

: Sansitivitys ax10—-20 1hr 4 algmiy

Number of AGN (left) and starburst galaxies (right) as a function of redshift in
with line fluxes above the threshold of 5x10*-20 W/m"2 (at 50).
(NB: This is a ‘heroic’ Large Project for SPICA, ~thousand hours)
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-1000 -500 0 500 1000

Velocity [Km/s]

SB+HIl ULIRGs

Sy+LIN ULIRGs

‘Molecular Outflows
; WA ..

® Faint, broad wings on CO (1-0) emission in
Mrk 231 and other ULIRGs (Feruglio +2010;
Chung +2011). FWZI = 750-2000 kr.n/s.
» ; »

® Mdot highly uncertain (200 = 2000 My/yr),

so SB may/may not. have enough power. Broad
wings only seeén in stacked SB ULIRGEy (Chung
et al.).’ .

® Broad HCN, HCO*: dense (n > 1IE4 cm3),
resolved* (1 kpc) fast (750 km/s) outflow in Mrk

231 (Aalto + 2010). '
»

® P-cygni profiles in HCO*, CO (3-2).in Arp 220
at 100 km/s level (Sakamoto +2009).

.
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*[SO/LWS Splirioglio &2 Malkan proposed Strong far-IR {}line giagnostics:
~ quieScent g'alaxies are PDR-dominated, ° :

starbursts produce more O++, while Seyfert has O I front denser gas

AT'MA Band"10 will allow this for galaxies out to the highest redshifts!
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2 2 - LESS2I 3 9. -+ LESSM —
= : = - ) Herschel extended emission only
= 1=l i = 1=l \ OnGesz2r
g 1 g : 10 4 Normal Galaxy
z ( z =l : — : — B Seyfert 2 with no hidden BLR
S el S el ! 4 o Whcchin Liner
p : = ' CInoC4os 1NGE 1088
o 1 1 o | 1 b ) -
1408 1410 1412 1414 141 122 1224 1326 128 1330 [] noecMRgEmEC 108
Obscrved Wavelength [um Observed Wavelength |um
Optacal Redshi# Optical Redshift e I
_ 1S 13X 1.325 1.2 1265 1270 ClI157/0163=2.0 S
~ e : N 8 IO oo Anccraes
- - 5 L ESS88 © Anacrse: Avccins
= O W nocaosy NGCT582 A !
£ = . i O N1
= Iel = W ~ A B o PG40 Acrcun
> > E - ln 1 - ICIZLT
g z i - ]
X Y, ' a 28 Ao
% I+l : : o
T 2l : = 241 i Ay
146 4 Y, 6 N 470 428 1430 1432 1434 4306
Otwerved W avelength [pm Observed Wavelength [jm Az
Opts Rodshuft Optical Redshift ) C4326
1.610 62 1 600 ||y,.\ 1610 Acarzon
. ] J
y —t— LESS106 i, 4 LESSI14
[ )
z Il ’ = |
) S - - 0.1 TP —p— Yy ———Tey T Py [e——r—rTTTTT)
; ; : 1E-17 1E-16 1E-15 1E-14 1E-13

e S S § 20! L flux(O163)(W/m2)

Figure 1 (right): [OI] 63um spectra of 6 ALESS sources observed with Herschel/PACS (from Coppin
et al. 2012). Figure 2 (left): [CII] 158um/[Ol] 63um for nearby galaxies. Note the large spread.
However, the AGN-dominated galaxies all have CII/OI < 2.
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