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Leonard Burtscher: Where is the torus?
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Leonard Burtscher: Where is the torus?

The AGN (clumpy) "torus”

~ Narrow Line
Region

Broad Line
Region

Accretion
Disk

Obscuring
J[e](VES

: Anfo_
logarithmic scale! Urry, Padovani 1995

e.g. Nenkova+ 2002, Honig+ 2006,
Schartmann+ 2008, Stalevski+ 2008,
Honig+ 2017
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Leonard Burtscher: Where is the torus?

Connecting physical torus models to observables

10% Eddington ratgm:

Eddington rate - | ‘ SIUREL\ \' 1Y
~ outflow : ) ' N\t
connection -
Accretion £
efficiency - 5
torus structure g

~30 —-20 —10 F )
x [pc]

Nuclear star 4.59836
formation rate
- torus
structure

More 3D (radiation) hydrodynamical
simulations of the central regions of AGNs:
e.g. Schartmann et al. 2009,2010,2014,2018,
Williamson et al., 2019, 2020

More radiative transfer calculations: see Marko : T TR SR Smann SR
Stalevski's talk c]

Log(Density) [Msun/pc?]
Wada+ 2012, 2016

1% Eddino



Leonard Burtscher: Where is the torus? 6

AGN tori in the mid-IR

Spatial resolution matters

Asmus+ 2013
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Leonard Burtscher: Where is the torus? 7

log F, [mJy]

SED models for AGN tori

Centaurus A
Ramos Almeida+ 201 |
0 [ Bsye !

A Sy1.8 & Sy1.9
@ Syl & Syl1.5

Thermal
| infrared

70

Ramos Almeida+ 2009

1 10 100
Wavelength [um]

o [deg]

] to observer

20

Half-opening angle of torus

2 4 6 8 10 12 14
N

Number of clum|:;s along line of sight

Nenkova+ 2008b



Resolving AGN tori

Resolution Omin of a single dish

telescope:

emin ~ A/D (D: diameter of primary mirror)

(10y @ 8m: 300 milli-arcsec)




Resolving AGN tori 8

Interferometry

Resolution Omin in interferomery:

emin ot A/ZD (D: separation of telescopes)
10y @ 130m: |0 milli-arcsec (vs.
300 as for a single-disk

observation)




Infrared Interferometry of AGNs

Reference Interferometer #  summary of result
Swain et al. 2003%° KI 1 Marginally resolved emission in NGC 4151 18
Wittkowski et al. 200426 VINCI 1 il(;v:ieriear—IR visibility for NGC 1068 argues for two-component
Jaffe et al. 200427 MIDI 1 Resolved two components of warm and hot dust in NGC 1068 i
Poncelet et al. 2006%° MIDI 1 Re-analysis of the Jaffe et al. 2004 MIDI data, find no hot dust
Meisenheimer et al. 200729 MIDI 1 Nucleus of Centaurus A: a dusty disk and synchrotron emission $ .
i A . ]
Tristram et al. 200730 MIDI 1 Two Compopent structure of 1'1uclear fiust in Clr(Emus, disk s
component is warm and co-aligned with maser disk > |
Beckert et al. 200831 MIDI 1 Nuclear dust in NGC 3783 consistent with clumpy torus model 8
Kishimoto et al. 2009a32 MIDI & KI 4  Evidence for a common radial structure in AGN tori =
Two-component structure of nuclear dust in NGC 1068, disk = 1
33 )
Raban et al. 2009 MIDI 1 component is hot and co-aligned with maser disk =
o . . e — 1
Tristram of al. 200934 MIDI 8 Mid-IR sizes roughly scale with v/L, no clear distinction o) ?
between type 1 and type 2 sources - ©
) i Qi Q —
Burtscher et al. 200935 MIDI 1 The nuélear dpst in the Seyfert- 1 galaxy NGC 4151 has similar b © © i
properties as in Seyfert 2 galaxies c (@) O
Interferometrically derived near-IR radii are slightly larger than S ‘:’; o
Kishimoto et al. 2009b3¢ KI 4 reverberation-based radii and therefore likely probing the = c — A
sublimation radius ‘O 8
. . . . b
Pott et al. 201057 KI 1 No Change in near—IR size of circum-nuclear dust in NGC 4151 O > 1
despite variable luminosity
Burtscher et al. 20103% MIDI 1 New mid-IR visibilities of Cen A do not fit well to a dust disk J J J . .
Kishimoto et al. 2011a3° KI 8  Sublimation radius scales with v/L 4 6 8 10 12
Tristram & 40 Differences in mid-IR sizes between type 1 and type 2 sources, Flux density at 12 micron [Jy]
MIDI 10 .
Schartmann 2011 expected from models, are not seen observationally.
Kishimoto et al. 2011b*! MIDI 6 Half-light radius in the mid-IR independent of luminosity
Weigelt et al. 201242 AMBER 1 Marginally resolved near-IR emission in NGC 3783
Honig et al. 201243 MIDI p Majority of mid-IR emission originates from optically thin dust * Lopez-Gonzaga, 2017, MIDI, 1, no change in mid-IR torus
in the polar region in NGC 424 and is part of the outflow ] ’ ’ > g
Hénig et al. 2013% MIDI 1 Detection of dust in the polar region of NGC 3783 structure in NGC 1068 desplte X-ray Va”ablllty
MIDI AGN Large Programme results: half-light radius in the
Burtscher et al. 20134 MIDI 23  mid-IR scales with luminosity, but with large scatter; C
I ? (] -
tori show a large diversity in intrinsic structure Leftley+ 201 8’ MIDI’ 1 ’ pOIar elongatlon in ESO 323-G77
Kishimoto et al. 201346 KI 7 Evidence for a receding dust sublimation region in NGC 4151
‘ilpdatei gl%del 1f01“ the Circinus galaxy including d?ita ffsm . e Gravity Collab. 2018, GRAVITY, 1, spatially resolved
shorter aselines; two-component structure confirmed wit .
Tristram et al. 201447 MIDI 1 larger structure in the polar direction; SED model predicts rotation of the BLR of 3C 273
sub-mm flux precisely as measured with ALMA;
v Celvitdznce Zorl 1fargeN ?}rgngéz of 6101((11- B o hont » Leftley+ 2019, MIDI, 33, a relation between extended
pdated model for including data from shorter . . .
Lopez-Gonzaga et al. 20148  MIDI 1 AT baselines; two component structure confirmed with emission and Eddlngton ratio of AGN
larger structure in the polar direction
Modeling shows that the observed (u,v) coverages only allow » Gravity Collab. 2019, GRAVITY, 8, size-luminosity relation
Lopez-Gonzaga et al. 20168  MIDI 23 to detect elongations in 7/23 sources.

5/7 are found to be significantly elongated, all in polar direction.

and a possible deviation thereof in nearby Seyfert galaxies

Table 1: Summary of all publications using long-baseline interferometry for studying AGNs (either data publi-
cation or new analysis). The third column gives the number of sources involved in the particular study. °

Burtscher+ 2016

Gravity Collab. 2019, GRAVITY, 1, An image of the dust
sublimation region in NGC 1068
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MIDI observations of the Circinus galaxy

The best extragalactic case for infrared interferometry

100 1 T 1 | '
_ h >y Feor =V * Frot
EJ {‘ : on, °
w L :
B ’ L B Carried out over
F ot ’ o/ [ L 10 years at the
g Lo a o 1% o s VLTI using both
T “'w e %+ & 8m(UT)and I.8m
. : e 8 2| (AT) telescopes
. R
=r | 24 2
gy | .j I
| E i
-10?00 I 5|o IIII cl) IIII -5|o - ._1000 Tristram et al. 2014




Offset 0DEC [mas]

The Circinus galaxy on sub-parsec scale

Starting to resolve "sub-structure”

3 component model of the dust emission in the Circinus galaxy

100 N
150 , ionization cone
r=12um  Jud+ 2016 |
E
100 50 ,'
—_ |
50 s :
0 T
o)
3
—50 5
-50
—100
MIDI model image (Tristram, LB+ 2014)
—150

1 pc

150 100 50 O -50 -100 -150 -100
Offset 4/RA [mas]

100 50 0 -50 -100
offset ORA [mas]

0.2 arcsec (4 pc)



NGC 1068
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Leonard Burtscher
Structures seen with VLTI/MIDI

Leonard Burtscher
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Structures seen with VLTI/MATISSE

Leonard Burtscher
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Leonard Burtscher
Image reconstruction in the K band with VLTI/GRAVITY


Leonard Burtscher: Infrared Interferometry of AGNs

13

The torus size-luminosity relation

23 AGNs observed with VLTI/MIDI

- | —

10.00 - Y o =

N . v =

) I R w ]
o A @ ‘ O v

7)) L T _

E 1.00E °. oV X >‘< -

© 0.10 = 4 X rin " E

L - v - mid—IR interferometry (type 1 AGNS)

i >I< % mid-IR interferometry (type 2 AGNS) _

L near—IR interferometry (Swain, Kishimoto, Pott, Weigelt) _|

a I I I I I ]

10* 10% 10* 10% 10*° 10% 10

Bolometric Luminosity [erg/s]

Burtscher+ 2013
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The fraction of unresolved flux

..does not depend much on But tori aren’t alike, even when
inclination or position angle observed at similar resolution
10f @@ ee® o -
" Unresolved '
0.8_— 0 ® -
> > [ O
= + O
QO . O | O ®
2 2 o ¢ v
= | > 04— ® n
| : S M\
0.2} Resolved )
s type 1AGN @ -
OO ‘\I.C o type 2 AGN .
0 5 10 15

Resolution / Inner radius r,,
Schartmann+ 2008 Burtscher+ 2013
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Most AGN ,tori” are oriented along
the polar axis
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Lopez-Gonzaga et al. 201 6; see also Honig+ 2012, 2013, Tristram+ 2014, Lopez-Gonzaga+ 2014, Leftley+ 2018



A new view of AGN-heated dust

Thanks to mid-IR interferometry & imaging!

Narrow Line
Region

Broad Line
Region

Accretion
Disk

Obscuring
Torus

logarithmic scale! Urry, Padovani 1995

mid-IR disk

mid-infrared
“polar” cone

near-IR emission
from sublimation region

big blue bump

Hénig 2019



A correlation between extended
extended flux and Eddington ratio?
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More sources dearly needed!

A complete census of all archival ISAAC L' band observations of AGNs

see Jacob’s talk
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MATISSE is the next big step in

IR interferometry

Cygnus A

dapted from
Meisenheimer 2008

The Circinus galaxy

W

MIDI @ 10.0 pm

-»

MATISSE @ 3.5 pm



VLT/VISIR

Circinus 1F Cygnus A

Asmus+ 2016
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METIS IFU FoV

Miller-Sanchez+ 2009

' 0
* ’,'l _f:D ~04 -02 00 02 04
"« 'METIS @ 3.5 . g “ R.A. offset (arcsec)
® METIS @ 10 um § © | METIS imaging FoV:
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_ |I E '| _
o O .

: = s Garcia-Burillo+
B 77 A 2019
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SIMMETIS simulations
Radiation driven AGN feedback as seen by METIS

Eddington ratio
A=1% A=10% A =20%
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-1.0 05 00 05 1.0 -1.0 05 00 05 1.0
Off-center (arcsec) Off-center (arcsec)

1.0 05 00 05 1.0
Off-center (arcsec)

hydrodynamical model: Schartmann + 2014
SIMMETIS simulation by Violeta Gamez-Rosas



Poll at TORUS 2018: What do you think is the single
most fundamental missing future (~30 yr window)
observation that would help us better understand the
torus and its environment?

1 %

3 Y NAETIS

Mid-infrared
ELT Imager and

( Spectrograph

@ High sensitivity MIR IFU obs on sub-pc scales

@ High sensitivity X-ray imaging on sub-pc scales
Near-IR interferometry

@ | am pessimistic until we have something to falsify
@ Multi-wavelength concurrent observations

@ All of the above

96 responses ® N/A




Point source fraction

1.0
0.8f
0.6}
0.4}
0.2}

0.0(

type 1AGN @
type 2 AGN @ -

5 10 15

Summary

Mid-Infrared Interferometry of AGNs

Using mid-IR interferometry we have resolved
the nuclear dust structures in ~ 30 nearby
AGNs. On parsec-scale, AGN "tori" structurally
differ from each other.

In a handful of bright sources with good (u,v)
coverage we can constrain elongated Gaussian
components; most of them are oriented in the

polar direction.

With VLTI/MATISSE and ELT/METIS we will be
able to resolve the base of the AGN outflow
and begin to relate the torus phenomenology
to physical parameters of the AGN.



