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Herschel - in a nutshell

Horizon 2000 Cornerstone mission 4
Inflight operations 2009-2013

Post-operations until end of 2017 (2019)

‘New’ spectral window

~55-670 um - bridging the far infrared &
submillimetre (i.e. space & ground) regimes

Studying the poorly explored ‘cool’ universe

Telescope & instruments

3.5 m Cassegrain silicon carbide telescope
Passively cooled, M1 ~88 K, low emissivity
Cryogenically (SLHe) cooled focal plane units
Direct det imaging photometry & spectroscopy
Single pixel heterodyne spectroscopy
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Herschel - science payload

3-band camera Imaging FT spectrometer

250 + 350 + 500 um 194 - 671 um (simultaneously)

4 x 8 arcmin FOV MAAN = 1300 — 370 (high-res)
=60 — 20 (low-res)

3-band camera

70 or 100 + 160 um
1.75 x 3.5 arcmin FOV \
Imaging grating spectrometer

55-210 um (3 orders)
MAX = 1000 — 4000

7-channel heterodyne receiver

480 - 1250 GHz (625 - 240 um) SIS mxrs
1410 - 1910 GHz (212 - 157 um) HEB mxrs
AMAL =10°-108w. BW =4 GHz AOS & corr
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Herschel - HSA
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« Cosmology

 Total

 [SM/Star formation
» Solar system objects
« Stars/Stellar evolution

6503 hr 28%
5074 hr 22%
9044 hr 39%

956 hr
1899 hr

23476 hr

 Total

« HOTAC allocated
 Science calibration

~2600 hr

Observing statistics

~23400 hr ~37,000 AORs
~6600 AORs
~26000 hr ~43,600 AORs
(cf. 26,000 ~ 1238 x 21)
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Hercechel - HSA

Science categories (HOTAC allocations)
» Galaxies/AGNs

Totals (+/- 5%)

« S/P parallel 6.44
« PACS phot 0.67
« SPIRE phot 2.28
« PACS spec <0.01
« SPIRE spec <0.01
- HIFI 0.06
e Total Herschel 9.45

These numbers are %-ages of the
entire sky (~41,000 sq deq)

Herschel has observed almost
1/10 of the entire sky!

By performing ~23,400 hr of
HOTAC approved observing!
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Herschel - HSA
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Cumulative number of papers vs calendar year after launch
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XMM (Dec 1999)

== SO (Nov 1995)

Calendar year after launch

Good publication record

Good citation record — h=115, i100=145
ISO lifetime ~2.5 yrs, Herschel ~4 yrs
XMM-Newton & Integral are still observing

Papers

Citations
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Science objectives
Top level science objectives

Deep unbiased extragalactic photometric surveys
Photometric surveys of active and quiescent
molecular clouds

Follow-up spectroscopy of specially interesting
galactic and extragalactic survey sources

Spectral surveys of different types of objects,
including early epoch starburst and active galaxies
Studies of ‘individual’ sources in detail

Studies of comets and other solar system objects

Herschel-centric approach!
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What Herschel did and did not /could not do
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Cosmic backgrounds

Doyle et al. 2006, A&A 451, 417

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 10
éthermin, Ph.D_thesis 1 e — — o mimm — o
| R N e R e TR I I B B=R B - el



PACS Initial Results SDP Workshop Press Conference, 16-Dec-2009

Cdrar Pibezt [ CN¢ Paie | $1/09/2019 | Slide 11

— 0l e c= ™ 4 I ™ = "Il C - == B2 11 T = i ¥



PACS Initial Results SDP Workshop Press Conference, 16-Dec-2009

Cdrar Pibezt [ NS paie | 11/09/2019 | Slide 12

— 0l e c= ™ 4 I ™ = "Il C - == B2 11 T = i ¥



Extragalactic surveys & CIRB
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Extragalactic surveys & CIRB
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Extragalactic surveys & CIRB
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Extragalactic surveys & CIRB

CIRB essentially resolved

PACS: directly resolved
SPIRE: by stacking

Confusion noise:
« 70/100/160 um: not reached/0.15/0.68 mJy
« 250/350/500 um: 5.8/6.3/6.8 mJy

The longer the wavelength the greater the
contribution from high-z galaxies

Herschel observes tip-of-iceberg extreme
start-burst galaxies >1000 M,yr~1, want to
study underlying bulk population

To study the high-z universe need to
break the confusion!

Herschel: ‘deblending’ based on priors
Ground (APEX, JCMT, SP & ALMA) & future

space (Origins, Mmtron): higher resolution
Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 16
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Extragalactic high-z objects
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Extragalactic high-z objects

SED at

SPIRE bands:
250, 350, 500 pm

Figure courtesy of
Roberto Decarli Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 18
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Extragalactic high-z objects
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Extragalactic high-z objects
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Extragalactic high-z objects
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Extragalactic high-z objects

C C C C C
|
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Very recently ALMA

« ALMA at 870 um of ‘H-drop-outs’, ~5630 deg?, SFR ~200 Myyr-’ Wang et al. 2019 Nature 572, 211
« Contribute 10x SFR density of UV-bright galaxies z>3
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High-z objects

Herschel photometry

Cosmic IR background essentially resolved

Tip-of-the-iceberg z~4-6+ extreme starburst (>1000 Myyr-1) galaxy
population unexpectedly detected — confusion important

ALMA detection of underlying z~4 bulk (~200 Myyr-1) population
Galaxy SF-ing ‘main sequence’ — with outliers at each z

Millimetron photometry

— 00 hm == ™ - ] W

Raw sensitivity 1-3+ orders of magnitude better

Requires ‘good enough’ instruments/detectors

Need confusion simulations

Want to study underlying ‘bulk’ population at all z — star formation as
function of z, ...

Make friends with ALMA
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High-z objects

Herschel photometry

« Cosmic IR background essentially resolved

« Tip-of-the-iceberg z~4-6+ extreme starburst galaxy population
unexpectedly detected — confusion important

« ALMA may have detected underlying z~4 bulk population

 Galaxy SF-ing ‘main sequence’ — with outliers at each z

Millimetron photometry
* Raw sensitivity 1-3+ orders of magnitude better
» Requires ‘good enough’ instruments/detectors
» Need confusion simulations
* Make friends with ALMA

« Want to study underlying ‘bulk’ population at all z — star formation
as function of z, ...
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Argon hydride ion

* Serendipitous
detection of 36ArH*
J=1-0 and J=2-1 lines
in the Crab Nebula
* First detection of
noble gas molecule in
space
« 36Ar jsotope expected
from explosive
nucleosynthesis in
core-collapse SN of 8-
16 M, star
« Smoking gun
providing Support for Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 26
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Spectroscopy

Rigopoulou et al. 2018,
MNRAS 473, 20

« Herschel SPIRE/FTS 4 hr single pointing on HLSW-01 — brightest lensed HerMES source
* Redshift z~3 (2.9574), magnification un = 10.9 = 0.7
* Herschel/SPIRE fluxes at 250/350/500 pum 425/340/233 & 10 mJy Conley etal. 2011, ApJL 732, L35
« SMA at 880 um resolve into four components 53 = 0.5 mJy
Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 27
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Molecular outflows

SHINING local ULIRG
sample

Mrk 231:
LIR — 32 X 1012 L@ (700/0 AGN)

P-Cygni profile with blue-shifted
absorption and red-shifted
emission

Av ~1170 km/s
Depletion timescale Mg,/M

~4x106 yr Conley et al. 2011, ApJL 732, L35

Sturm et al. 2011; ApJL 733, L16
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Kinematics
S0901 at z=2.2558

(SDSS090122.37+181432.3)

Rhoads et al. Conley et al. 2011, ApJL 732, L35

2014; ApJ 787, 8
Herschel/HIFI band 1b C[lI] observations, 885 s onsource Goran Viibratt | ENS, Fars | 11,09,201% | Slide 29
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Extragalactic spectroscopy

Herschel

High-z

* In general Herschel is not sensitive enough (FTS >200 mJy)
« Gravitational lensing can help — few objects & few lines
Low-z

« Studies of ISM - FIR cooling lines, CO ladders

« Massive molecular outflows in local ULIRGs (starbursts)
Nearby

» Detailed spatially resolved studies of ISM

Millimetron

* Want to study ISM at ‘all’ redshifts — how do galaxies work
« Massive molecular outflows at ‘all’ z?

 How interesting is kinematics?

 Make friends with ALMA
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Betelgeuse
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SN 1987A
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SN 1987A
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SN 1987A
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SN 1987A

Goran Piioratt | 2NS, Panis | 11,09,2018 | Slide 36

— 0l e c= ™ 4 I ™ = "Il C - == B2 11 T = i ¥



Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 37

— N . . . f— Em.
- *
— - mee Sl B — B

— 00 hm == ™ - ] W

(i



Herschel filaments
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Herschel filaments
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Filament formation

The turbulent fragmentation naturally fits the observed ~0.1 pc
filament width => sonic scale of ISM turbulence

278 filaments in 8 regions

See also Arzoumanian et al. 2019; A&A 621, A42
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Filament fragmentation

Polaris (left)

« Filaments - but no sign of star
formation

Aquila (below)

« Apparent ‘threshhold’ for pre-stellar
cores Av~7/

« PDF with power-law ‘tail’ — gravitation
dominating over turbulence

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 41
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High-mass star formation

Need to observe more
distant molecular clouds/
= 0 he =W - ™= == = == star formation regions



Filaments

Herschel

Established filaments ‘everywhere’ — 'universal’ structure
Most forming stars appear connected to filaments
Threshold for star formation

Connection CMF and IMF — handle on SF ‘efficiency
Filament formation & fragmentation — still many questions

Millimetron

— 01 hu == ™ - ] =

High(er) angular resolution — more distant (high-mass SF) MCs
High(er) spatial dynamic range

Sensitivity to low surface brightness

Polarimetry — survey of MCs — role(?) of magnetic fields in filament
formation and fragmentation

Make friends with ALMA

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 43
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Water trail

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 44

— 0l e c=a ™ 4 I ™ = "Il C X ==& 011 T 32 K i ¥



Water trail — L1544

First detection of water
vapour in pre-stellar core

« 13.6 hr of HIFI observations at the
ground-state 557 GHz (1,4-1y4 line)

« ~2000 ‘earth oceans’ as water vapour
« ~3 million ‘e0’ as water ice on dust

* Vapour liberated by UV radiation,
created by ionising particles colliding
with H, molecules

» Line profile indicates infall at 1000 AU

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 45
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 Multiple lines

* Multiple components, bulk
emission in:
 Envelope (em & abs)
* Broad outflows
 ‘Bullets’

« Complex sources
« Additional lines e.g. CO

* Velocity resolved lines
necessary for interpretation

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 46

— 0 e c= ™ 4 I W = " il - ' == B0 11 = 22 K2 im ¥l



Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 47

— 00 hm S5 e P BE = T 5 I = i == BB T RS i ¥



Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 48

— 00 b o5 3 g ) B = Tl = = == B I T 2 i ¥



trer 8Y ey Qi W G- g N BE = 0 5 ] e = T - EH B




Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 50

trer Y ey @i W e g BE = T 5 I = = == B I T 2 i ¥



H/D ratios

Hartogh et al. 2011
Nature 478, 218 Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 51
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C/2009 P1 (Garradd)
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C/2009 P1 (Garradd)

557 988

GHz GHz
557 988 548
GHz GHz GHz
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H/D ratios

Bockelée et al. 2012,
AA 544’ L15 Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 54
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C/45P(HMP)
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H/D ratios

Lis et al. 2013,
ApJL 774, L3

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 56

— 0l e c= ™ 4 I ™ = "Il C - == B2 11 T = i ¥



H/D ratios

Altwegg et al. 2015,
Science 347, 1261952 Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 57
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Jupiter 1994 impact

Cavalié et al. 2013
_— 1 e == = 4. ] == = T | A&A 553, A21
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Jupiter 1994 impact

ations =>
s disc
sure) profile
sphere — well
D => external
bheres suggest
DNns / icy rings
ates from the

Cavalié et al. 2013
A&A 553, A21
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Water trail

Herschel

« Traced water from prestellar core to planet (Jupiter) delivery (SL9)
* Prestellar core — only 1

* Protostars everywhere — but interpretation complicated

* Protoplanetary disks — only 2

« Solar system — ‘everywhere’ — and delivery

« Origin of water on Earth — D/H in (only) 3 comets

* Protoplanetary disk mass from HD — only 1

Millimetron

» For point sources >x10 more sensitive than Herschel (even
protoplanetary disks are point sources, at 140 pc 0.17-0.3")

 Need many water lines (spectral coverage)

« HD argument for 112/56 um (2.67/5.33 THz) heterodyne spectrometers

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 60
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Debris disks

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 61
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Fomalont

Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 62
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B Pictoris

Spitzer/IRAC 22-34 um
Herschel/PACS 69 um band =>
Mg-rich crystalline olivine
Mg-rich => pristine

Fe-rich => ‘processed’

De Vries et al. 2012 Nature 490, 74
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Ceres {eesa

* Water in the asteroid belt!

a
o)

* Four epochs of observations

* On last occasion monitoring for
entire Ceres revolution => ‘resolve’
surface features

» Source of water expected
connected to two surface features

 For each source: Q(H,0) = 1026
mol/s (3 kg/s continuously)

|
=
5

» Corresponds to ~0.6 km? of ice at
the surface => 10-7 of Ceres surface
and 10-° of source regions

Latitude (°) Line/continuum intensity (km s™)

sEE B S

Kuppers et al. 2014; Nature 505, 525 s . . . .
60 120 180 240 300 360
— g be T= BN o g = = gy B — = Planetocentric longitude (°)



TNOs
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Debris disks

Herschel

» Herschel surveys of debris disks — increased number of detected DDs
and increased number of resolved DDs

« Fomalont — water

* B Pictoris — pristine material

« Solar system asteroid belt — Ceres

« Solar system Kuiper belt — TNOs

« Also water in many places in the solar system

Millimetron

« Can push to even fainter (lower fraction L. /L) debris disks

*  Will resolve even more debris disks

« Can observe even fainter solar system objects, photometrically and
spectroscopically

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 67
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Millimetron capabilities

Baryshev, Aug 2019 Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 68
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Millimetron killer objectives

Extragalactic, mainly high-z
 Want to study underlying ‘bulk’ population at ‘all’ z — star
formation as function of z, ... (all’ z => z<67?)

« Want to study ISM at ‘all’ redshifts — how do galaxies
actually work?

« Massive molecular outflows at ‘all’ z?
* Dust (‘metal’) production & budget at ‘all’ z

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 69
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Millimetron killer objectives

Extragalactic, mainly high-z
 Want to study underlying ‘bulk’ population at ‘all’ z — star
formation as function of z, ... (all’ z => z<67?)

« Want to study ISM at ‘all’ redshifts — how do galaxies
actually work?

« Massive molecular outflows at ‘all’ z?
* Dust (‘metal’) production & budget at ‘all’ z

Galactic & solar system

« Polarimetry — survey of MCs — role(?) of magnetic fields
in filament formation and fragmentation

« More distant filaments — high-mass star formation

 Water trail — more objects

« Disk masses and debris disks (planetary formation)

Géran Pilbratt | ENS, Paris | 11/09/2019 | Slide 70

— 00 hm == ™ - ] W —_— e = == BN 1 T 2 EX i ¥

(i
I



Some thoughts for the future

Telescope size

« Prime driver (angular resolution & collecting area)
for photometry & high-res spectroscopy
— Extragalactic ‘point source’ surveys: confusion &
‘raw’ sensitivity (time needed)
— Resolved (extra-)galactic objects: detail observed
— All heterodyne spectroscopy work

Telescope background (temp & emissivity)

» Prime driver for non-heterodyne spectroscopy
« Enables exquisite sensitivity — cf. SPICA
« Requires ‘good enough’ instruments/detectors

and

« Lifetime is big deal — last year best observations

« Community interaction — helpdesk, data products,

archive, data reduction software, ...
Goran Pilbratt | ENS, Paris | 11/09/2019 | Slide 71

— 0l e c=a ™ 4 I ™ = "Il C X ==& 011 T 32 K i ¥



— 0 he c= ™ - I ™ = "Il - == B0 11 T 2 I L





