Unveiling the physical processes that regulate Galaxy
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A
* Dust obscured star formation and black hole accretion at z=1-3 during galaxy evolution, and
their mutual feedback processes, can be studied with rest frame mid-to-far IR spectroscopy.

* At these wavelengths (10-200um) dust extinction is at its minimum and a variety of atomic
and molecular transitions, tracing most astrophysical domains, occur.

* The future IR space telescope mission, SPICA, with its 2.5m telescope cooled to T<8K, will
collect mid-to-far IR spectroscopy at a sensitivity 100 times better than what Herschel did.

e Strong complementarities and synergies of SPICA with the X-ray ESA mission Athena include
the study of the BH accretion (Compton thick AGN) rate history along cosmic time and the
study of violent outflows from AGN.
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Kaneda)




To study galaxy evolution we need to trace star formation and AGN accretion
over cosmic times. So we want to know:

e the full cosmic history of energy generation by st
AGNs (black hole accretion)

(it’s not just quasars, but Seyfert galaxies which « ‘
Luminosity Function)
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Co-eval Growth of Black Holes and Host galaxies

 Dust-enshrouded AGN
accretion phase undergone by
all galaxies?

« Need to compare evolution
of BH mass function with
galaxy mass and luminosity
functions in large samples

 Must include heavily obscured
AGN

- Both peak atz=2 — 3, when
most SF was in LIRGs —
current data very limited

« Key AGN signature: high-
excitation fine structure lines
e.d., [NeV] 14.3 um

[OIV] 26 um
e Line widths indicative of BH
mass
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The strong correlation in the local Universe between the mass of the black hole and the
stellar velocity dispersion of the galactic bulge (the “Magorrian Plot”) implies a strong
physical relation between black hole accretion and star formation.

The formation of spheroids (bulges) is
hked to the growth of the Black Holes
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FiG. 2.—BH mass vs. the central velocity dispersion o, of the host elliptical
galaxy or bulge (filled circles) or the ms velocity v, measured at one-fourth
of the effective radius (open circles). Crosses represent lower limits in o,
The solid and dashed lines are the best linear fits using o, (as in Fig. 1) and
v, respectively.
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Comparing different wavelengths for separating AGN and SF
No single criteria distinguish AGN & SF = limits and potentialities of different techniques

— UV/Optical/NIR observations = galaxy morphology and spectra,
BUT they seriously suffer from dust obscuration

— X-ray observations =» good tracers of AGN,
BUT only weak X-ray emission can be detected from star formation
BUT heavily-obscured AGN (Compton-thick) completely lost.

— Radio observations (EVLA, SKA) =» can detect AGN and SF to large z and can see through gas and
dust, =»measure morphology and spectral SED, detect polarization and variability,

BUT not always redshifts can be measured. (at its highest frequencies SKA will measure redshifted
molecular lines in the ISM of galaxies).

— mm/submm observations (e.g. ALMA, CCAT) = spectra from SF (redshifted CO, CII, etc.), BUT
need to find AGN tracers. One candidate is CO: SLED different from PDR (SF) and XDR (AGNs).

Rest-frame MIR/FIR imaging spectroscopy = complete view of galaxy evolution and the role of BH
and SF because it can (provided that large field of view and high sensitivity can be reached)

=>» trace simultaneously both SF and AGN,

=> measure redshifts

=> see through large amounts of dust.

=>» the most promising technique.




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

Infrared fine structure lines
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IR fine structure lines:
- separate different
physical mechanisms,

- cover the ionization-
density parameter space
- do not suffer heavily
from extinction
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Far-Infrared Spectra of IR-Bright Galaxies
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Mid-IR + Far-IR Diagnostics: Spitzer + Herschel Redshift ~ zero

Plenty of strong mid- and far-IR features to detect high-z galaxies and measure redshifs

=» Disentangle AGN from starburst
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What is going tohappen now?

* We know the tools (Azestrrame~10-100um), but we
need a new space telescope to do the job.

* JWST will not cover the z=1-4 redshift region in the
mid-IR tracers due to its spectral range limited to
A<28um

 ALMA (A>350um) can observe only higher redshift
(z>4) sources

* SPICA only with its cooled telescope will be able to
cover the range (A=10-230um)
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The main and crucial objectives that only SPICA will be able to
reach are:

» Determine the major physical processes that regulate the star formation
in galaxies through a complete characterization of their mid-/far-
infrared spectral properties

> Trace the co-evolution of star formation and black hole accretion in
thousands of galaxies at z~1-3 by measuring their contribution to the
L total infrared emission

» Study the mutual feedback between star formation and black hole
growth by detecting outflows and inflows of atomic and molecular gas
in hundreds of galaxies

= » Investigate the production of heavy elements and dust in the interstellar
medium and their evolution as a function of cosmic history




1.  Physical conditions of Star Formation and Black Hole Accretion

® What processes start, regulate, and eventually stop star formation in the Universe ?

*What are the relative contributions of nuclear fusion (stars) and gravitational potential
energy (accreting black holes) to photon production after Re-ionization ?

* What are the physical processes in the most obscured regions in the Universe though
cosmic time?

s

a Lookback time (Gyr)

Lookback time (Gyr)

o 2 = 6 8 10 12
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log v (Mg year™ Mpc™3)

Redshift

Redshift

Left: SFR densities in the FUV, uncorrected for dust extinction (blue, green, magenta) in the far-IR (red).
Right: Massive BH accretion history from X-ray (red line and green shading) and IR data (blue shading),
scaled up by a factor of 3300, compared to SF history (black line). (Madau & Dickinson, 2014).




SPICA will be complementary to Athena to detect and characterise Compton thick
AGNs: SYNERGIES WITH ATHENA

~

) < EEE——— 1}
:—J\ 45 3 /‘; - L
n e_- '[ _ SPICA—-SAFARL: [OIV]26um detection in ~4h
L @ o~ @ g . B
'\ﬁé‘cz/ : h -7
- 44 F W : o *Iﬁ -
%) W Z ‘e\g g I':I,/ -
X ;,..(;;&a aie® @ i/ f
© 43f 8 B0 3
| : A o D
N “W\O» f«: s D? EI%
% 42 F 5" E%? . 3
o (M
9 i 1O NH>2x10* cm™
41 F 0O NH<2x10* cm™ 3
[ H @ ntrinsic Lum . _z=8-7 =1 .
e | Compton thick
440 445 450 455 46.0 465 gleevooiiiiiii il
. 20 21 22 23 24 25 26
log I/LV (6um; AGN) log(Ng/cm™®)

Left: Incompleteness of X-ray surveys. 2—10 keV rest-frame luminosity vs. AGN 6pm luminosity. Open symbols
show the observed X-ray luminosity, while filled symbols the intrinsic luminosity. More than 25% of the AGN
are undetected at X-rays while visible in the mid-IR via hot dust emission. (Del Moro et al 2015)

Right: Comparison between SPICA-SAFARI and ATHENA. Luminosity limits, at z=1,2,3, of ATHENA for a
1Ms (~280 hours) survey, and of SPICA/SAFARI for a pointed observation of ~4 hours for the [OIV]26pum
AGN line. The conversion between bolometric and X-ray luminosity has been taken from Marconi et al.

(2004).




2. AGN and Starburst feedback and feeding

* Can AGN-driven molecular outflows be responsible for the decline of SF in
the last 7 Gyr?

* Are these outflows responsible for creating the majority of red-and-dead
galaxies?

* What physical processes — mechanical or thermal energy injection or
radiation pressure on dust — drive molecular outflows?

* How much of the wind escapes the galaxy and seeds the IGM with metal-
enriched gas?
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Measuring outflows at higher z (z~1.2-1.5) — Measuring infall

(a: Left) OH84pm doublet observed with Herschel/PACS in Mrk231, with a strong outflow, and in NGC4418,
without outflow (GA2014, 2012). Herschel/PACS spectral resolution at this wavelength was R~2300. Blue and
red lines show the line profiles smoothed to a resolution of R=1000 and 300, respectively. The “new” high
resolution baseline of SAFARI (M.-PI) will have R>~2000, allowing to obtain the same results in terms of
spectral resolution that Herschel/PACS obtained in the local Universe, but at z~<1.5.

(b: Right) [OI]63pm inverse P-Cygni profiles observed by Herschel/ PACS in NGC 4418 (GA12) and Zw049.051
(Falstad et al. 2015), with a resolution of R~3500 illustrating gas inflow into the circum-nuclear regions.
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3. Metallicity evolution

- How does the gas inside (and outside of —ATHENA) galaxies get enriched with

metals over time?
- What is the origin (where and when) of the heavy elements and the

fundamental metallicity relation in obscured regions of galaxies?
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Four local templates: at what redshift can SPICA detect their lines ?

LUMINOSITY = 10'2L,

LUMINOSITY = 10%2L,, _

NGC 1068 |

[01V]25.9um (o152’
[Nell]12.8um (SI1)33.5um

0l|63um
O eem MB2
[Sill]34.8um  [01]63um

[ [NeVI]7.8um
[NeV]24.3um
[SIV]10.5um

—16
-16

z=0.1 H, 17.um

[NelI]156.5um & T T T g —h -2 _ .
H, 28.2um

-18
-18

logé(l)ine intensity) (W m-2)
T

log(line intensity) (W m-2)

[JWST-MIRI

L . . . e
5 t t t s

[01V]26um [01]634m NGC4151 |

[NeV]24.3um [O1]52um [o111]88m 1

[SII1)33.5um

14

T '
[RAS17208-0014

(Sill}34.8um  [01]63um

[CII]158um

| [NeVI]7.6um

[S111]33.5um
z=
[Nelll]15.5um

[cl]158um H, 12um

-16
-18

—-18

-20
T

3 v 5
—-16 —22 -20
T T T Ted |
= T =
. toat
= = =0
3 T
3 :
[o2]
E I Lo
]

lo%(()line intensity) (W m-2)
T
log(line intensity) (W m-2)

[JWST—MIRI
[JWST-MIRI

| L L P T S SR SRR |
10 100

wavelength (um)

| L L L L L L
10 100

wavelength (um)

“Predictions of lines observable with SAFARI, SMI and with an hypothetic spectrometer with a required and
goal line sensitivity of 5x107-20 W/m”2 and of 3x107-20 W/m”2 (1 hr. 50), respectively, based on local
templates, scaled to an intrinsic luminosity of 10712 L®. The expected JWST-MIRI sensitivities are also
shown. (Spinoglio et al. 2012, 2014). Left: AGN.templates. Right: Starburst templates.
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New telescope and new instruments
=>» SPICAis completely redesigned to
be ab‘le to VN[\ the M5 competition in

ESA Cosmic Vision
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The baseline mission concept

Joint ESA-JAXA mission

* ‘PLANCK

configuration’

— Size-®45mx5.3m
— Mass - 3450 kg (wet, with margin
— V-grooves

e 2.5 meter telescope
T< 8K

— Warm launch

e 12-230 um
spectroscopy

— MIR imaging spectroscopy — SMI

— FIR spectroscopy — SAFARI
‘standard’ Herschel/Planck SVM
Japanese H3 launcher, L2 halo orbit
5 year goal lifetime
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Thermal Backgrounds
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@@ICA sensitivity and other facilitie

Limiting line flux (5c-1hr) / Wm™?
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4~ SPICA/SAFARI Fact Sheet

SAFARI Overview SPICA Mission

« Four band grating spectrometer ESA/JAXA collaboration
« Continuous spectroscopic capability from 34-230 um Telescope effective area 4.6 m?
Primary mirror temperature 8K
Waveband

Parameter Goal mission lifetime - 5 years
MW LW LLW

Band centre / um 72 115 185

Wavelength range / pm - 54-89  87-143 140-230 System performance v.s. target
flux density, relative to the

background limited case
Band centre beam FWHM . 7.2" 12" 19” + The sensitivity decrease is due
to the increased photon noise
- - from the target source
Point source spectroscopy (50-1hr) Data given up to the
.. instrument saturation limits for
Limiting flux / x10-20 Wm-2 . . . . each band (31, 51 and 87 Jy
for the SW, MW and LW bands
Limiting flux density / mJy . . . . respectively.

LW band
MW band
SW band

-
o

F—— LowRmode
F oo, High R mode

Limiting source performance
relative to background limited case

Limiting flux / x10-20 Wm-2

10° 10® 10" 10°
Limiting flux density / mly Source flux density / Jy

Mapping spectroscopy* (50-1hr) High R mode resolution as

Limiting flux / x10-20 Wm- function of wavelength

Limiting flux density / mly

Limiting flux / x10-20 Wm-2

High R | R~300

Limiting flux density / mly

Photometric mapping* (50-1hr)

Limiting flux density / ply 209 192 194 239
Confusion limit (50) 15 ply 200 ply 2 mly 10 mly

Q" Sensitivities based on detector NEP 2x 10720 W/v/Hz
* Mapping performance is for a reference area of 1 arcmin?

W= sAFARI SAFARI GS Factsheet V0.9 - 8th April 2016




SPICA / SMI Fact Sheet || 5
SPICA Mid-infrared Instrument (SMI) covers i _ ‘ \,r/\‘/\’\
the wavelength range of 12-36 um _ R=25000 } R=1000@2=3

with three spectroscopic channels: LRS, MRS, and HRS. 127 12 16 18 20 25 20 35 30 25 <30 35

A
Function g

Parameter LRS PAH/silicate-band mappViﬁg
Multi slit spec. Slit viewer R 74 el w’ith‘SleII-LRS ; :
Wavelength range 17 - 36 um 34 um 18 - 36 um 12-18 uma ' ; :

_ b (point _ b (point
Spectral resolution 50120 source) 5 1900 =2400 source) 28000 ¢

20 - 110 (gifuse) 1100 — 1400 (difuse) fi
Field of View 600k 3’7 x4slits  600"x600"  60°x377(slt)  4x1.7 (slit) [RASARA

with SMI-MRS
FWHM 2.0 (20 um) - 376 (36 pm), 2."0 (12 = 20 pm) p— _ S 7
Pixel scale 07 07 077 x 0.7 07 05 Sensitivity for a point source (1 hour, 5 sigma)

— 1000
HRS {101°
10-20

(==Y
g
-
~

Detector Si:Sb 1K x 1K Si:Sb 1K x 1K Si:Sb 1K x 1K Si:As 1K x 1K

(01‘;{“5 jgeg;i“"“y 20 - 200 pdy 13 wly 300-3000 Wy  2-3mly
Line sensitivityd (8 —20) x 1020 (3-20) x 1020 (15-2) x
(1 hr, 5 sigma) W/m2 ) W/m? 1020 W/m?

Survey speed © ~16 arcmin?hr ~ ~5900 arcmin?hr ~ ~1.5 arcmin?/hr -

Continuum Line
Sensitivity f

. 0.02- 0.1 (0.7-4)x 100 (1.5-2)x 1010
1hr,5
(115 igma) MJy/sr 0.05 MJyfsr W/m?/sr W/m2/sr

Saturation limit ~20 Jy ~1 Jy ~1000 Jy ~20000 Jy

a: continuous coverage up to 17.3 um + partial coverage for H,0 17.77 and 18.66 ©m > 30 35
b: A/6A = 120 (LRS) and 1300 (MRS) at A = 36 pum. 5
c: designed for A20 um diffraction limited PSF.

r Wavelength (um)
d: sensitivity for an unresolved line. v f: sensitivity for a diffuse source in a 4% X 4” (LRS & MRS) or 2” x 2” area (HRS)

e: survéy speed for the 5 sigma detection of a point source with the continuum g: background levels are assumed to be 80 Mly/sr (High) and 15 MJy/sr (Low)
flux of 100 Wy for LRS at A = 30 um (slit viewer at 34 um) and the line flux of at 25, um. — ”

3x10%° W/m? for MRS at A = 28 um, both in the low background case (see the h: continuum sensitivity rescaled with R=50
righ N e SMI Factsheet v10 — 4 Jan 2016
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| Spitzer / IRS-LL . SPICA/SMI-LRS
R.= 60 _ 12(’), ” i | R = 50
slit size: 168"x11 Gl 3. 9°030° Multi slit

\Q Loseim slit size: 10’x3.7”
¥ 3.3'x3.3° '. ok doa

B

MI LRS R 50 bllnd survey
JWST / MIRI-MRS /" W'd?(") Sguare deg) *

R = 2000 '
slit size: 7.7°x7.7" ol deep (1 Square deg)

\ . ’ _.V.VI-.. ‘. £ ' ’ W 1 2 ‘ :- : _~ .»,,

Follow-yp by SAFARI (¥ SMI)

For the same observational time & limiting flux at 25 um




h Spitzer / IRS-LL SPICA / SMI-MRS

- slit size : 168" x 11", R =60 — 120 .
: 4 slit size: 60” x 3.7”, R = 1000 — 2000
spatial resolution: 11 @35 =L spatial resolution: 3.5 @35 um

7 g
/ =~

e wl

| / | N f
e~ 7
YM =

et

-
-
. 4 pi

20 25 30 35 K - % 30)
Spitzer / IRS-LH slit size ;

slit size : 22" x 117, R = 600
spatial resolution: 11” @35 um

Y0~
93,,\
slit size o

| For the same observational time & limiting line flux at 35 um




J -
Conclugions

After 30 years of efforts... we are close to having reliable IR measures of STAR
FORMATION RATEsand AGN ACCRETION POWER, through IR/FIR
SPECTROSCOPIC SU RVE\\i,\unaffected by dust, allowing us to study dust-

obscured evolu.tion of galaxies.in terms of stellar fusion and gravity powers

Accurately rﬂeasuring star formation and BH accretion as a function of cosmic
time is the first step towards understanding galaxy evolution over the history of
the Universe

We learned how to measure these in local galaxies through mid/far-IR
spectroscopy

FIR spectroscopic surveys with SPICA will be the way to ”phy5|cally” measure
galaxy evolution

Given the expected sensitivity of the grating spectrometer onboard of SPICA ~5 x
IO"-ZO (50,1 hr.) thousands of sources will be detected in more than 4 lines
through pointed observations.

For details on counts predictions: see Spinoglio et al 2012, ApJ 745, 171,
2014, ApJ, 791, 138.



