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(Mega)Masing detected molecules




OH and H,O (..and others)

(hyperfine transitions of rotational levels):

Rest frequencies 1665, 1667, 1612, 1720 MHz (L-Band)
Trace arelatively warm and dense gas

« 100<T<300K

« 10 cm=3<N(H,) <10°cm3

(6, = 5,; rotational transition):

Rest frequency 22.23508 GHz (A =1.3 cm)
Traces a warmer and denser gas
« 300<T <1000 K
« 10/ cm=3<N(H,) <10* cm3 (also 183 and 321 GHz)
CH,OH (6.7, 36, 44 GHz) and H,CO (5, 15 GHz)



Extragalactic H,O masers

Maser sources are found:

- associated with star formation. They can reach ~ 10 L,
(NGC2146: Tarchi et al. 2002; NGC3256: Surcis et al. 2009)

- in_the central regions of AGN, at a few parsecs from the nuclear
engine. They are typically luminous and can reach up to 30,000
Lsun (MGJ0414+0534: Impellizzeri et al. 2008, Castangia et al. 2011)




Extragalactic H,O masers in AGN

H,O Masers allow us to study the structure and the
dynamics of the gas in the of AGN:

Disk geometry and black

BIN G UERES hole masses (e.g. NGC 4258,
Herrnstein et al. 1999)

Jet-masers —— Evolution of the jet (efg. NGC1052,
Claussen et al. 1998)

Outflow-masers ——— Geometry of the outflowtg.g. Circinus, Greenhill
et al. 2003)



Disk-masers

NGC 4258

Flux Density (Iy)

1300 1400 1500

Maser spots
trace the
accretion

disk

Spot maser

Senso di rotazione

Estimate of the black hole mass and geometry of the keplerian
accretion disk - Distance to the host galaxy



Extragalactic H,O masers as
astronomical tools

H,O Masers allow us to study the structure and the
dynamics of the gas in the of AGN:

Disk geometry and black

Disk-masers —p hole masses (e.g. NGC 4258,
Herrnstein et al. 1999)

Jet-masers Evolution of the jet (e.g. NGC1052, Claussen et
al. 1998)

Outflow-masers ——» Geometry of the outflow.g. Circinus,
Greenhill et al. 2003)



Jet-masers

Jet-cloud interaction or

overlapping cloud - jet

radio continuum

-0.1 UV TR USRS N S U S S S S S Y R S S
1300 1400 1500 1600 1700 1800

Information on the
geometry and

expansion velocity of

Dec Offset (milliarcsec)

radio jets

6

NGC1052 RA Offset (milliarcsec)



Extragalactic H,O masers as
astronomical tools

H,O Maser VLBI technique allow us to study the
structure and the dynamics of the gas in the of

AGN:

Disk geometry and black

Disk-masers —p NOole masses (e.g. NGC 4258,
Herrnstein et al. 1999)

Jet-masers —— Evolution of the jet (efg. NGC1052, Claussen et
al. 1998)
Outflow-masers Geometry of the outflow (e.g. Circinus,

Greenhill et al. 2003)



Outflow-masers: Circinus

H,O masers trace a
warped edge-on
accretion disk and
a wide-angle
outflow
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OH (mega)masers

OH (mega)masers (~100) are almost uniquely associated
with LIRGs (L >10'*L,,,) and ULIRGs (L >10*? L., ,) and are

IR radiatively pumped (Loq0(Lgg)E2
(e.g., Baan 1989; Darling & Giovanelli 2002)

Extent £ 100 pc and found in high concentration of

molecular gas where intense/extreme starbursts are

ongoing (in rotating disks, tori, else?).

Association with starburst = short-lived phenomenon (?)
(e.g., Lo 2005, and references therein)



OH (mega)masers: Mrk231

Jet ionization cones

* Rotation
axis

OH maser
emission
(mapped with the
EVN) traces a
rotating, dusty,
molecular torus
(or thick disk)
located between
30 and 100 pc
from the central
engine.

Klockner, Baan, & Garrett (2003) Nature



(Single-dish) Surveys

Find them in nearby galaxies (extended mapping)
= Multi-feed capabilities
Find them in far-away objects (high-z luminosity function)
-> sensitivity, minimal overheads
Find them, at all (extensive searches, focused samples)

- sensitivity, samples criteria



A History of Surveys

Extragalactic H,0 Maser Discoveries by Year

B GBT
Eff

B DSN

B ATCA
Parkes

ENRO
OVRO

H [tap.

https://safe.nrao.edu/wiki/bin/view/Main/MegamaserCosmologyProject

178 galaxies
currently known as
maser hosts

MCP: 85/2800 = 3%

~ 37 are in disks and
suitable for Mg,
measurement

10 targeted for
distance
measurement

Primary sample for
MCP surveys: Type 2
AGNs at z <0.05
from SDSS, 6dF,
2MRS

Courtesy: J. Braatz



H.,O masers in E/radio-loud hosts

So far, (almost) no water masers in elliptical and/or
radio-loud galaxies:

50 FRI with z < 0.15 (Henkel et al. 1998)
274 Type 2 QSOs with 0.3 <z < 0.83 (Bennert et al. 2009)
30 FRII (unpublished, Braatz, Priv. Comm)

5 Grav. Lensed Quasars with 2.3 <z <2.9 (McKean et al.
2011)

17 Type 1 QSOs with z < 0.06 (Koenig et al. 2012)



How about a well-planned FRII sample?

FRII galaxies from 3CR
catalog

z<0.1
Spectrally classfied HEG
Nuclear EW,q,; > 10 A

I ® LEG

A HEG
Obscuration of the central H QSO+WQ

lonizing source?
Chiaberge et al. (2002)

Log core flux ratio (opt/radio)




3C403 and its water maser

H,O Effelsberg 100m

17200 178040

H,O Maser

e Two main components
e Bracketing the systemic

velocity
300000 light years * |sotropic luminosities
3.6 cm VLA Image courtesy R, Perley 9 i 950 Lsun

~280 L,



3C403 and its water maser

176764 177

Velocity (Kinis) HZO Maser

e Two main components

e Bracketing the systemic
velocity

e [sotropic luminosities
~950 L,

== = ~280 L,

Velocity [Kinis)




3C403 (Tarchi et al. 2003, A&A, 407, L33)

"Discovery of a luminous water megamaser in the FRII
radiogalaxy 340

snter_data/cent

MAN-PL

1 in der Nahe eines Schwarzen Lochs
gefunc

. o & Deutsch-italienisches Radicastronomen-Team entdeckt mit
(_.omuné(gato b_ta;npa dem Effelsberger 100-Meter-Radioteleskop den bisher am
Roma, 29 luglio 2003 weitesten entfernten Megamaser

In der Radiogalaxie 3C403 wurde eine Quelle entdeckt, bei der die
Intensitat der Strahlung einer einzigen Spektrallinie lauspndfach
stérker ist als die der Sonne im ge: ten Spektral Die
intensive Strahlung eines Wasserdampf-Masers hat ihren Ursprung in
der di n Nachbarschafl eines Schwarzen L

are per la prima volta ne : " k
iuscito a osservare per la prima volta emissione und N Chiaberge vom Istituto di Radioastronal

pore acqueo nelle regioni circostanti un Buco Ner
-hi dell’Istituto di Radioastronomia ) » Nazionale delle i Max Pranck Institut flr Radioastronomie (MPITR} in Bonn
atorio As Onomico di Cag dell’ Chiabe: beobachteten zum ersten Mal eine solche Emis: Pressesprecher.
A-CNR, Christian Henkel ¢ Karl Menten entrambi del Max- l.uuk hn\{lllll fiir Kl en” ioga bei d n Schwarzes Lach von vielen
Radioastronomie di Bonn (MPIfR), hanno rilevato per la prima volta un’intens di li in eine Entfernung von mehr als
emissione maser dell’acqua proveniente da una radio gala ‘class ; en aussendel. Uie: egamaser ist etwa

Una goccia d° acqua in una radio galassia. Un fenomeno straordinario. osservato per la prima
volta da un gruppo di ricercatori italiani, del CNR e dell' INAF, e tedeschi, del Max P
[nstitut fir Radioastronomie di Bonn (MPIfR) grazie all’ effetto N 5 1imo




The IRAS-bright sample

Detection rate

versus 100 micron
IRAS flux

Henkel et al. (2005)



The IRAS-bright sample
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Castangia et al. (2008)



MGJ0414+0534

z=0.66 > z=2.64!!

MG J0414+0534 -
* IS aradio-loud type 1 ."_ i
guasar, rich of molecular

gas and dust

* has a magnification
factor of ~35




An H,O maser at redshift 2.64

: Effelsb
» Observing frequency: PISREr

6.1 GHz

e Isotropic luminosity:

10,000 L(sun)
EVLA

T~ Gasgent

Line Monitoring: wit
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with Arecibo - stable
Castangia et al. (2011)

-800 -600 -400 -200

Impellizzeri, McKean, Castangia et al. (2008) Nature



Why NLS1?

Unified Scheme for AGN:

Seyfert 2 ->0bscuring structure (disk or torus) along the l.o.s.
toward the nucleus
—>enough molecular reservoir and amplification paths
- maser action quite likely

Seyfert 1 - disks or tori (if present) not favourably oriented
- maser action highly unlikely

Indeed only VERY few maser detections in type 1 Seyfert but...
...hicely...

...the majority of these are in NLS1!!!




H,O masers in
NLS1

Overall H,O maser detection rate:

NGG 4051

Flux dareity [ m.y)

NGG 4253 ' Single blue

| 8 LSUI‘I

3600 3700 3800 380 4000

5/72 =7 %

Flux danetty [mJy)

Already surprising given the
type 1 nature of the targets
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Detection rate for ‘nearby’ NLS1
(with V< 10000 km/s):

IGR J16385-2057 Complex
10L

sun

Flux darelty [mJy)
hoom S n S

5/25 =20 %

7800 7800 B0

Among the highest ever obtained!

Flux dareity [mudy)

Tarchi et al. (2011)

g100 8200 8300 B400
HELIO Veiceity (kve)




H,O masers and X-rays

H,O maser sources associated with AGN tend to show a high
column density (N, > 1022 cm) or are even Compton-thick (N, >
10%* cm2) (Braatz et al. 1997, Zhang et al. 2006, Greenhill et al. 2008,
Castangia et al. 2013, Masini et al. 2016)

v" Arough correlation have also been found
between maser isotropic luminosity and
unabsorbed X-ray luminosity i \\()

Kondratko et al. (2006)

v' L, may shape the accretion disk
structure
Tilak et al. (2008)

Statistics is poor!

Lack of X-ray data for most
of the known maser
sources!




INTEGRAL hard X-ray sky
statistics

- Total sample 380 AGN

v 193 observed _
v’ 29 water maser detection

v 187 not observed | IINTEGRAI;AGN

- 15 (+42) (-7) % detetcion rate 283{8?('3\/

- Complete sample 87 AGN

v’ 65 observed _
v 12 water maser detection
v’ 22 not observed

- 18.5 (+20.5) (-4.7) % detection rate

Panessa, Castangia, Tarchi et al. (2018)



The CT AGN sample

GBT

Castangia et al. (2016, 2018)



The CT AGN sample

36 Compton-thick AGN
- Selection method:

GBT

FIR and X-ray flux and colours

Maser detection rate of the entire sample: 50%!

some with shallow detection limit

- 5reobserved to improve detection threshold

Castangia et al. (2016, 2018)



(Single-dish) Surveys
In extended objects

(e.g.) Maser searches in LG galaxies



Courtesy: A. Brunthaler

VLBA observations of water masers:

« 3d motion relative to Milky Way: v = 190 + 59 km/s 3-8 pas/yr in 4.5 years
* rotation known => geometric distance: 730 £ 168 kpr

(Image: D. Thilker NRAO/AUI)

(Brunthaler et al. 2005, Science) 2



Darling 2011

(Darling+ 2016)

(Sjouwerman+ 2010)



SRT ESP S0003: Motivation(s)

Collaborators: P. Castangia, 6. Surcis, A. Brunthaler, K. Menten,
M. Pawlowski, A. Melis, S. Casu, M. Murgia, A. Trois, R. Concu,
C. Henkel, J. Darling

Created using Pawlowski+ 2012,2013,2015; Ibata+ 2013



SRT ESP S0003: Sample & Setup

(Murgia et al. 2016)

...a few preliminary results...
Tarchi et al. (2018)



Masers search: results

No maser emission above 5 sigma has been detected in the
three targets analysed, so far: NGC6822, IC1613, and WLM

(Brunthaler et al. 2006)

(flares?, wrong SFRs

...in the meanwhile...



Radio continuum maps of NGC6822

Tarchi et al. (2018) Chyzy et al. (2003)



H,O and OH

Only I1C694 (in Arp299)
shows the contemporary
presence of luminous OH

UGC5101(7)

wogr9 A and H20 maser emission!

NGCI068 | Arp209
A

A

Possibility to investigate
different physical
conditions and dynamic
structures in the same
AGN.

10-3

104 Why only one case?

| Duration of the maser
M0 10+ 10 001 01 1 10 10° 10° 10 10° phenomena?

1og(Log) (L)
Merger stage?

Else?




H,O and OH

Search with the GBT for
22 GHz masers in OH

UGC5101(7)

A .
O s e T maser galaxies
NGUKJD‘B ArpR09 )

Two new cases of ‘dual’

maser
10-8

A brief phase along the
10—

merger sequence.

10-5
1075 10+ 10-® 0.01 0.1 1 10 10% 10% 104 10°

& Wagner (2013))/Wiggins + (2016)




H,O and OH

Search with Effelsberg
and the GBT for 1.6 GHz
OH maser in H20
galaxies

UGC5101(7)

45 galaxies in total

10 discarted due to
severe RFlIs

New or refined upper
limits

10-3
16-% 1074 1073 0.01 0.1 1 10 10=

log(lon) (L) No new masers, but ...

& Wagner (2013))/Wiggins + (2016) & Ladu+ (2018)




OH absorption in H,O maser galaxies

IC 342 Galaxy

Effelsberg

NGC 5793 Galaxy

1664 1665 1666 1667
LSR Frequency (MHz)

Ladu et al. (2018)




Monitoring

- Large istantaneous BWs and good spectral res.

- simultaneous line and continuum obs.
- accurate calibration

-> dedicated campaigns on promising objects



Reid et al. (2010)

V=V Monitoring

H,O Masers in UGC 3789
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MGJ0414+0534

Line and Continuum
Monitoring with Arecibo

Broad line & NO 3 peaks
- Jet/Outflow

Extreme stability: TBE

Castangia et al. (2011)



Flux density (mJy)

EFF 23-401-11

i

GBT 24-11-21
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GBT 2404-41-31
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Monitoring
of 3C403

Seize
the
moment!




VLBI

-> sensitive arrays (line and continuum)

- ToO capabilities



Megamasers: nuclear continuum with

Without the SRT
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PLot file version 3 created 06-MAY-2016 11:14:11
BOTH: IRAS1548 IPOL 1658.490 MHZ MULTLICLO001.6
1 3

155041510 41505 41500 41495 41.490 41485
Right ascension (J2000)
Grey scale flux range= -0.873 4.813 MilliJY/BEAM
Cont peak flux = 4.8127E-03 JY/BEAM
Levs = 2.954E-04 * (-2, 2, 4, 8, 16, 32, 64)

Credits: P. Castangia and G. Surcis



Extragal. Maser Science. Lessons learned

Large dishes needed (extensive searches)
Multi feed receivers recommended (NODDING, Mapping)

Well-thought criteria for target searches
(see also, e.g., K. Leiter, J.-S. Zhang)

Wide bands and good frequency resolution for monitoring
Good frequency coverage (for high-z surveys)

High Sensitivity VLBI arrays (again big dishes)



