
Exploring the hidden nucleus of the LIRG IC860

Scientific background

With recent ALMA, SMA and IRAM observations we have discovered exceptionally luminous emission
from vibrationally excited HCN in a sample of luminous and ultra-luminous infrared galaxies (LIRG
(L(FIR)> 1011 L�), ULIRG (L(FIR)> 1012 L�) ) (e.g. Sakamoto+10, Aalto+15ab, Imanishi+14,
Martin+16, Aalto+19). The emission is emerging from compact (r < 5− 50 pc), hot (T >100 K) and
opaque (N(H2)> 1025 cm−2) regions centered on the nuclei. Lines of vibrationally excited HCN (HCN
-VIB) reach inside these opaque layers to probe hidden, high-surface brightness IR nuclei - invisible at
their intrinsic wavelengths. These Compact Obscured Nuclei (CONs) may be previously undetected
accreting supermassive black holes (SMBHs) or extraordinarily compact and luminous young stellar
clusters, with tope-eavy initial mass functions (IMFs) Aalto+19.

However, very high opacities hamper access to the inner regions of the most extreme of CONs
even at submm wavelengths. With the JVLA we can obtain high-resolution observations of HCN-VIB
at wavelengths where the nuclear dust is more transparent - allowing us to probe the nature of the
buried source. The JVLA HCN-VIB lines are also unblended by neighbouring lines - which lets us
detect and study very broad lines. The expected low to moderate opacity of the high-frequency JVLA
continuum also makes it a key factor in unveiling the nature of the buried source.

Why is the study of CONs important?

Studying the accretion of SMBHs, and how it links to the growth of their host galaxies, is essential
for our understanding of galaxy evolution. The mass of the SMBH is strongly correlated to that
of the bulge, despite the vast difference in scale (e.g. Ho 2004). Studies suggest that more than
50% of nuclear growth is expected to be obscured in the local universe, and the numbers for the most
embedded objects with N(H2)> 5×1024 cm−2, are largely unknown. Obscured activity can ultimately
provide the best constraints on the AGN duty cycle, extreme stellar cluster formation, and give the
full range of environments and astrophysical processes that drive the growth of galaxy nuclei.

Why is HCN-VIB tracing hot nuclei?

The CONs show dust continuum that can be opaque down to long wavelengths (e.g. Sakamoto+10, 13,
17, Costagliola+13, Barcos-Munos+18, Aalto+19) and the nature of the buried activity powering the
IR luminosity is difficult to ascertain. The vibrationally excited HCN (HCN-VIB) is excited by mid-
infrared (mid-IR) 14 µm continuum up to energy levels TE > 1000 K, in contrast to ground state HCN
lines which have TE of 20-40 K. The vibrational ladder has transitions in the mm and submm band
that can be observed with ALMA and in the long mm and cm bands that can be accessed with the
JVLA. The HCN-VIB lines require intense mid-IR emission to be excited with intrinsic
surface brightness ΣMIR > 5 × 1013 L� kpc−2. When H2 column densities exceed N(H2)> 1024

cm−2 X-rays and mid-IR become strongly attenuated, while the HCN-VIB lines require large column
densities to be detectable (Aalto+15b). HCN-VIB lines are unique proxies for high surface brightness
mid-IR emission and can be used to probe the size, structure and dynamics of hot nuclei, hidden inside
massive layers of obscuring dust.

The HCN-VIB line emission does not represent a normal mode of star formation but is instead
emerging from Compton-thick (CT) AGNs powered by accreting SMBHs or from an an extreme phase
of star formation: the hot (T > 200 K), opaque starburst, theoretically predicted by Andrews &
Thompson (2011). The latter would imply the formation, or re-ignition, of a compact and extremely
luminous nuclear cluster coevolving with its SMBH.
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To study unblended1 lines of HCN-VIB one can go to the direct l-type transitions in the long mm and
cm-wave regime (Fig.1) . These are transitions between the two sublevels (f and e) that each rotational
level is split into within the vibrational state. The first extragalactic detection of these ∆J=0, v2=1
l-type lines were done towards the ULIRG Arp 220 by Salter at al (2008). These transitions are
an excellent tool to probe the mid-IR dust structure and the hot molecular gas in the most extreme
CONs with optically thick submm dust continuum. Continuum studies of the CON ULIRG Arp220
have shown that the window of translucent continuum may be very small - around 30 to 50 GHz
(Barcos-Munos+15).

The extreme CON IC860

The early type spiral LIRG (logL(IR)=11.17 L�) IC860 is a nearby example of a CON where IRAM
PdBI and recent high resolution ALMA data (Band 3,6 and 7 (PI: Aalto)) reveal exceptionally lumi-
nous HCN-VIB emission. Enormous dust opacities aggravate the study of the opaque nucleus even
down to 100 GHz (Aalto+19) suggesting staggering column densities of N(H2)≈ 1026 cm−2. A pre-
vious (PI: Aalto)(Fig. 2) JVLA A-array Q-band observation (40 GHz) support the notion that the
ALMA continuum indeed consists of dust emission - but we require more information to determine
what fraction of the Q-band flux consists of dust. We also require HCN-VIB observations of the very
core to determine the enclosed mass and the nature of the buried activity. Studies at L and C-band
suggest a nuclear flat-spectrum radio source (Baan and Klöckner 2005) with possible effects of syn-
chrotron self-absorption. The continuum at these longer wavelengths appears larger than the ALMA
dust continuum - implying the presence of larger scale star formation or an AGN jet.
High frequency (30-50 GHz) and high resolution observations with the JVLA provide an excellent -
and possibly also the only - opportunity to probe the dark hearts of the most embedded CONs. It is
likely that IC860 represents a new class of CT AGNs where columns are so large that
no X-rays can escape - and not even submim continuum emission. Their discovery and
study is important since they represent an hitherto unprecedented level of obscuration.
Their numbers are unknown, but our ongoing ALMA survey (CON-quest) suggest that
as many as 20% of the LIRGs and ULIRGs have CONs (Falstad in prep.). We need to
understand them and their impact on the census of AGNs and our view of how, when
and where SMBHs grow.

Proposed Observations

We propose high resolution JVLA observations of ∼30 GHz continuum of IC860 - paired with simulta-
neous observations of the 35 GHz HCN-VIB direct l-type line absorption line (HCN (v2=1, l=1e-1f)
J=12 34.954 GHz (TE/k=1356 K)). We selected this line since it is the optimal combination of high
resolution and a bright enough background continuum, to let us probe the core of IC860. We aim to
address the nature of the buried source and its evolutionary stage through targeting the frequency
range where the nuclear dust is transparent - and to use the HCN-VIB lines as probes of hot, buried
gas and dust. Specific scientific goals include:

• When does the dust become optically thin? The continuum brightness temperature (TB) of
the inner 10-20 pc of IC860 is 200-250 K from 345 GHz down to 100 GHz. Our 40 GHz data point
suggest a weaker nuclear flux (0.5 mJy peak) resulting in a similar TB as at higher frequencies. Is the
dust dominating the continuum also in Q-band, or are we seeing a mixture of synchrotron, free-free
and dust? We require mapping at Ka frequencies to test the notion that dust emission is important

1The submm lines (down to 1 mm) suffer blending with the nearby ground-state HCO+ line
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even at these long wavelengths, and to determine the dust properties and opacity. We have recent
Merlin C-band continuum observations at matching resolution as well as an accepted merlin K-band
project. With the proposed observations we will be able to put together an accurate continuum SED
where we can separate the synchrotron emission from the dust. We have a good measurement at 40
GHz and require one point at a lower frequency (∼30 GHz) to safely map the slope of the SED.
• How hot is the dust?: The nuclear ”surface” dust temperature is 250 K. If there is a buried
AGN in the core of IC860, we would expect higher dust temperatures inside the opaque dust shell -
up to 1000-2000 K (after which the dust sublimates). Regions of such high temperatures may be quite
small - but mapping the dust brightness temperature and the continuum SED will give us both the
dust opacity, the slope β, as well as the dust temperature.
• Nuclear dynamics: At the JVLA frequency of 35 GHz, the HCN-VIB emission will be seen in
absorption towards a translucent (or semi-translucent) continuum. The high resolution offered by the
JVLA in A-array, (50 miilli arcseconds (mas) in robust weighting) allows us to probe the very nuclear
dynamics and hence the enclosed mass. The radial dependence of the luminosity to mass ratio (L/M)
will help separate the AGN from what may be a surrounding, compact starburst.
• The onset of feedback?: The 35 GHz JVLA observations will also probe the launch region
of a potential, nuclear dusty outflow. The ALMA HCN-VIB observations suggest the presence of an
east-west elongated structure - outside the most opaque part of the dust with a size of 0.”1. With the
JVLA observations we will be able to find broad lines from outflowing, hot and dense dusty gas and
to test the notion that AGN feedback (that will eventually clear out the nuclear dust) has recently
been triggered. We have tentative evidence that the ALMA HCN-VIB line probes an outflow, but are
hampered by opacities and line blending to reach a firm conclusion (Aalto+19). The lower excitation
HCN and HCO+ lines reveal the presence of a massive inflow.
• Starburst-AGN connection?: Gandhi+09 find no evidence of starbursts in the mid-IR disks
surrounding local Seyfert galaxies, but other studies (e.g. Alexander+05) suggest that star formation
and buried AGN activity may be closely related and that the nuclear stellar spheroid is growing
simultaneously to the SMBH. A collection of extreme starburst clusters near the nucleus will result
in a lumpy disk without a clear central peak. If T >

∼ 300 K and n ≈ 106 cm−3 in the nucleus the Jeans
length is a few pc and in the case of star formation should produce ”lumps” on scales matching that
of our angular resolution. Such forming stellar clusters should show up as thermal peaks in the 30-40
GHz continuum - in different location from the C-band structures we are tracing with Merlin.

Why do we need the JVLA? It is thanks to the JVLA Q-band observation that we could determine
that the ALMA continuum is all dust - even at 3mm wavelengths. High frequency JVLA data are key
to our understanding of the core of IC860, since it is likely that the continuum is transparent only in
a narrow frequency range around 30-50 GHz. The selected HCN-VIB line at 35 GHz offers a unique
possibility to probe the dynamics (and also mid-IR luminosity density) inside the massive layers of
obscuring nuclear dust continuum. (For sensitivity discussion see technical justification).
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Figure 1: Left: HCN vibrational excitation diagram where examples of split direct−l v2 = 1 transitions
are shown. We propose to observe the J=12 and 13 direct−l ∆J=0 transitions. The mm v2 = 1 J=3–
2 line (that can be observed with ALMA) is shown in green as an example. Right: Sketch illustrating
how the emission of the buried mid-IR core is absorbed and re-emitted at longer wavelengths. HCN-
VIB absorption/emission at longer wavelengths can probe the hidden high-surface brightness core (in
this example in the submm - but for IC860, even sibmm wavelengths are absorbed).

Figure 2: Bottom left: NOT telescope optical image of IC860. Top left: IRAM PdBI spectrum
showing the luminous HCN-VIB emission. Centre: Recent ALMA HCN-VIB imaging (colour) on 345
GHz continuum (contours) revealing that the HCN-VIB vanishes towards the opaque dust nucleus.
Right: JVLA Q-band continuum image with 40 mas resolution (noise level is 40 microJy)(Aalto+19).
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