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All massive galaxies host a supermassive black hole at their centers. Some of these supermassive
black holes go through growth spurts and feeding frenzies that can greatly impact their host
galaxies, possibly even terminating all nearby star formation. In this talk, I will explore a new
class of quasars, cold quasars, which are some of the most luminous accreting black holes in the
universe, and yet, surprisingly, their host galaxies have star formation rates of 1000 M/yr, casting
doubt on whether black hole feedback impacts star formation at all. I will discuss how cold quasars

are an anomaly in the current understanding of quasar formation.
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1. Introduction

Observational evidence indicates that almost every large galaxy hosts a supermassive black
hole at its center. These black holes are tied to the evolution of their host galaxies, as evidenced
by the tight relation between a galaxy’s stellar mass (M.) and black hole mass (M,) that persists
over several orders of magnitude in the local universe [1]. Further, the peak of stellar mass buildup
(traced through the star formation rate density) and black hole mass buildup (traced through the
black hole accretion rate density) occurred concurrently around z ~ 2, arguing for co-evolution over
cosmic time [2]. The physical mechanism linking the two phenomena remains uncertain, although
feedback emminating from near the supermassive black hole is one possible culprit.

A supermassive black hole that is accreting material is referred to as an active galactic nucleus
(AGN); these objects are often identified through their bright X-ray emission Ly > 10> erg/s. A

quasar is an extremely luminous active galactic nucleus (typically, Ly > 10*

erg/s). Canonically,
the formation of these luminous objects requires the merger of two gas-rich galaxies [e.g. 3]. In
theoretical work and observations of infrared luminous galaxies, the merger triggers a starburst
phase which occurs concurrently with the obscured growth of the supermassive black hole [4-6].
As the obscured quasar reaches higher accretion rates, it launches powerful winds, radiation, and
jets which clear out the circumnuclear material [7, 8]. This feedback coincides with the galaxy-wide
decline in obscured star formation, possibly due to winds ejecting material from the host galaxy.

Testing this simple picture is mired in observational difficulties. First, quasars are not common
in the local universe, and it becomes difficult to spatially resolve the central quasar from the
host galaxy with increasing lookback time. Second, quasars, particularly unobscured quasars,
outshine the host galaxy across a significant fraction of the electromagnetic spectrum. Isolating
host galaxy emission requires reliance on spectral decomposition, which can be aided particularly
by the inclusion of far-infrared observations as these are more likely to arise from the host galaxy
[9].

In this talk, I discuss combining X-ray and far-IR observations in a wide-area survey to identify
a rare population of “cold quasars” which do not fit neatly into the evolutionary picture outlined
above.

2. Finding Rare Quasars

2.1 The Accretion History of AGN

The Accretion History of AGN is a multi-wavelength survey that assembles multiwavelength
data from the 31 deg? Stripe 82X field. The X-ray observations in come from XMM-Newton observa-
tions in AO10 and AO13 as well as XMM-Newton archival pointings and Chandra archival pointings
[10]. Stripe82X is covered by warm Spitzer (3.6 & 4.5 um only) through the Spitzer/HETDEX
Exploratory Large Area survey, the Spitzer IRAC Equatorial Survey, and by WISE in the mid-IR. It
is also covered in the near-IR by the Vista Hemisphere Survey and the UKIRT Infrared Deep Sky
Survey. Stripe82X has spectroscopic redshifts from the Sloan Digital Sky Survey and dedicated
programs on Palomar Observatory and Keck Observatory for 63% of the sample. From this cata-
log, 15.6 deg? is also fully covered by Herschel Space Observatory observations with the SPIRE
instrument as part of the Herschel Stripe82 Survey [HerS; 11].
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Figure 1: Example of a cold quasar at z = 1.606 (from [12]). Left: an RGB image, where blue is the g-band
filter from the DECam Legacy Survey, green is the r-band, and red is the z-band. Each side of the image is
20”. The blue color indicates that this quasar is not dust reddened. All of our cold quasars are blue point
sources. Right: rest frame optical SDSS spectrum with the broad lines labeled.

2.2 Cold Quasar Definition

I will briefly summarize the selection of the original cold quasar sample [12]. In the 15.6 deg?
region of Stripe82X with X-ray and Herschel/SPIRE coverage, there were 2905 X-ray detected
sources. These sources spanned Ly = 10** — 10% erg/s and z = 0 — 6. Of these, a mere 120 had
a detection in one of the Herschel/SPIRE bands, due to the relative shallowness of the Herschel
observations in this field. There are 805 unobscured quasars in the sample, according to the
following criteria:

1. Ly_10kev > 1044 erg/s
2. Mg < -23

Thirty-one unobscured quasars also have a detection in the Herschel/SPIRE 250 um band (the
detection threshold is S»50 > 30 mJy). These thirty-one sources are called cold quasars because of
the substantial amount of far-IR emission arising from cold dust. The remaining 89 sources which
have Herschel/SPIRE data but are not unobscured quasars are refered to as the Herschel subsample
throughout.

3. Unique Properties of Cold Quasars

Visually, cold quasars all appear as blue point sources, and they have broad UV emission lines
indicative of Type 1 AGN (Figure 1).

Measuring the optical reddening of cold quasars is an essential component to confirming that
the central point source is truly unobscured. To determine the reddening, E (B — V), we fit a model
consisting of an unobscured quasar template [13] and an SMC dust model [14] to the SDSS spectra
for all galaxies from the Herschel subsample with spectra. Figure 2 shows E(B — V) versus the
absolute magnitude in the WISE W3 filter (leg = 12 um, a proxy for the amount of hot dust). The
cold quasars in general have E(B — V) < 1, despite having the brightest W3 magnitudes. This
demonstrates that the central region is either free from dust, or the dust has a patchy geometry.
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Figure 2: Dust reddening of cold quasars. Left: An example of how reddening was measured. We fit an
unobscured quasar template, modified by SMC-like dust, to SDSS spectra to determine E(B — V). Right:
Reddening vs. absolute WISE W3 magnitude, a proxy for the hot dust. Cold quasars have low E(B — V) but
bright W3 emission, indicating the substantial dust emission is not arising from the central nuclear region.
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Figure 3: Column density, Ny, vs. photon index, I" for the nine cold quasars for which we could extract an
X-ray spectrum. Five sources have only an upper limit on their obscuration as indicated by the downward
arrows, although uncertainties on I are still shown. The shaded regions indicate the typical definitions for
classifying sources as Compton Thin and Unobscured. The cold quasars are nearly all unobscured by gas.

The other source of potential obscuration in the nuclear region is gas. Several cold quasar
spectra have high enough count rates from XMM-Newton for a spectrum to be extracted. We fit
these spectra with the NASA spectral fitter Xspec. For all our sources, we use a modified power
law with three free parameters: intrinsic extinction (Ng), photon index (I'), and normalization. I"
is restricted to a range of 1 —3. Figure 3 shows column density as a function of photon index. There
is no correlation between the parameters. All of the cold quasars have Ny < 10** cm™2. Six are
completely unobscured, while three fall into the Compton Thin region (Ng = 10?2 — 10** cm™2).
It should be noted, however, that within the uncertainties on Ny, these sources could also be
unobscured.

3.1 Extreme Star Formation

For the host galaxy properties of the cold quasars and Herschel subsample, M.., Mgy, and
star formation rate (SFR) were measured using the spectral energy decomposition code SED3FIT,
which fits unobscured star formation and AGN emission, both modified by dust obscuration [15].
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Figure 4: The extreme dust masses and SFRs of cold quasars (from [15]). Left: Mg,y for the Herschel
subsample (open circles), cold quasars (open triangles), and Herschel-undetected X-ray sources (stars). Cold
quasars have 5 — 10x more dust than their undetected counterparts of the same luminosity. Right: SFR/Ly;
vs. redshift probes how much of the energy emission arises from young stars as compared with black hole
accretion. Cold quasars have substantially more star formation than other quasar populations at similar
redshifts.

Both the AGN and star forming components assuming an energy balance model, so that UV/optical
emission that is obscured by dust is then re-radiated in the infrared. To form a comparison sample,
we sorted the 2785 Stripe82X X-ray sources without a Herschel detection into bins of Lx and z. We
stacked the Herschel/SPIRE positions in each bin to obtain a detection, and we averaged together the
multiwavlength photometry to create an average spectral energy distribtuions. We used SED3FIT
to decompose the average spectral energy distribution for each bin [15].

We also converted Lo kev into a bolometric luminosity, Lyo; [12]. Lpo is a proxy for the black
hole accretion rate, assuming some radiative efficiency. Figure 4 shows SFR/Lp, as a function
of redshift for several quasar samples, including the cold quasars. SFR/Lp. can be thought of as
an energy budget parameter. That is, proportionally, how much of a galaxy’s emission is arising
from young stars versus accretion onto a black hole? We compare the cold quasars with the
Herschel subsample, dust obscured quasars [“red quasars" 16], optically-selected quasars [17], and
the Herschel-undetected sample.

As can be seen, the cold quasars have substantially more star formation than every other
sample at similar redshifts. (The high SFR/Ly values at z < 0.5 are driven by sources with
Lx < 10¥ erg/s.) In fact, [12] found that cold quasars all resided 3 — 30x about the galaxy main
sequence. This is well into the starbursting regime. Cold quasars, then, can be understood as
unobscured quasars which reside in starbursting galaxies.

3.2 Massive Black Holes

Twelve of the original cold quasar sample were at the right redshift range to have coverage of
either the Mg or HB emission line. We fit these with the spectral decomposition tool PyQSOFit,
which measures the quasar continuum, broad, and narrow line emission. We convert the broad
component of either Mgi or HB into a black hole mass following the relations in [18]. Figure 5
shows M, as a function of M, for these cold quasars. We also overplot the local relation [1]. The
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Figure 5: Black hole mass versus stellar mass for the cold quasars (z ~ 1 —3). The local relation and scatter
are shown at the blue lines. The arrows indicate where each galaxy will lie after 500 Myr, if the SFR and
black hole accretion rate remains constant. Cold quasars need to convert their cold gas reservoir into M, in
order to reach the local relation.

cold quasars all lie above the local relation, some substantially so. We used the black hole accretion
rate (calculated from Lo and SFRs to quantify how mass is increasing in these galaxies. The
arrows indicate where each galaxy will lie after 500 Myr. M, is increasing proportionally much
faster than M,. Cold quasars will reach the local relation, only if all of the available gas is converted
into stars (Mg,s was estimated from Mgy,s assuming a constant gas-to-dust ratio). This implies that
feedback cannot, by necessity, play a major role in dispelling the gas.

4. Cold quasars-breaking the standard model?

Cold quasars are rare objects, as they are unobscured but have anomalously high star formation
rates (SFRs) and substantial dust masses, which must be arising from a starbusting host. The high
SFRs and relatively low stellar masses of cold quasars (compared with other quasar populations)
do not appear consistent with the merger-driven quasar evolution scenario. In this population, the
quasar phase appears to precede the starburst phase. In fact, quasar outflows may be compressing
the host galaxy gas, triggering positive feedback and causing the burst of star formation. This
hypothesis can be tested with resolved images of interstellar medium in the host galaxies, taken with
ALMA, or by searching for quasar winds with IFU observations. Cold quasars pose an extraordinary
opportunity to rethink quasar evolution.
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DISCUSSION:

DISCUSSION

INGYIN ZAW: Is there evidence of mergers in the cold quasars other than disturbances based on
Sersic fitting?

HERMAN MARSHALL: How can it be that the nucleus is unobscured but there is a massive
starburst with dust and gas that should obscure any X-ray source? Perhaps they are not actually
related or just coincidental?

MARIA GIOVANNA DAINOTTT’s Comment: The quasar rate versus star formation rate may
not highlight some features since the sources have not been correcting for evolution and thus the
trend for the quasar rate versus the star formation rate may not change.

The references to look how to correct for the evolution are the following:
Dainotti et al. 2023, arXiv: 2305.1366
Dainotti et al. 2022, ApJ, 331, 106D
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