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is a luminous broad absorption liBAL) quasar powered by a
black hole with a mass of 2x110° M, (De Rosa et al2014
Mazzucchelli et al2017, and is one of the dozen 7 quasars
currently known. Early spatially unresolved ALMA observations
(resolution: 074 x 0754) targeting the[Cll] emission line
revealed a highly signgant [ClI] detection with a line width
FWHM = 405+ 69kms* and a luminosity ofLicyy= (1.9+
0.3 x 10° L., as well as an underlying continuurax density of
fo= 1.92+ 0.14 mJy(Venemans et aR016. These observations
also revised J2348054s original redshift okz= 6.889+ 0.007
from the Mgl measuremen{De Rosa et al2014 to a more
accurate value ofz= 6.9018+ 0.0007 using the[Cll] line
(Venemans et aR016. Follow-up observations at higher spatial
resolution( 0”16) yielded consistent line and continuunaxes
(ICn] ux of 1.53+ 0.16 Jy km s, a[Ci] line width of 457+
49km ', and an underlying continuum of 2.280.07 mJy, but
still did not spatially resolve the emission sigwintly (Venemans
et al. 2020. This situation, i.e., brighand centrally concentrated
[C1] emission, makes J2348)54 a unique target to probe the

kinematics in the vicinity of the central supermassive black hole

using even higher resolutimbservations with ALMA.

We here present 200 pc resolutior{C 1] and underlying
dust continuum imaging of J2348054, pushing the capabil-
ities of ALMA. In Section 2 we describe the ALMA
observations. In SectioB we summarize and analyze our

Walter et al.

Continuum flux density (yy beam~") Integrated [CII] flux (Jy km s~' beam~")

o
N

e
o

o
o

|
e
-

|
I
N

A Decl. (arcsec)

0.1F

500 pc

-0.2

0.2

~150) .
e :

L L L
0.2 0.1 00 -01 -0.2

L L L
00 -01 -0.2

A R.A.

o1
(arcsec)

Figure 1. Top left: rest-frame 1900 GHz continuum map of J234%54.
Top right: integrated continuum-subtrac{€lil] emission line. In the upper
panels, contours are given#8 and increase in powers ¢2. Bottom left:
mean velocity of th¢C 1] emission line. Bottom right: velocity dispersion of
the[C I1] emission. The bottom quantities are estimated fritimg Gaussian

observational results. This is followed by kinematic modeling spectral proles to each individual pixel. In the lower panels, the colors indicate

of the [ClI] emission line in Sectio. We present our
conclusions in Sectiorb. Throughout this paper we use
cosmological parametetd,= 70 kms* Mpc®t, Q= 0.3,
and 2, = 0.7, in agreement with Planck Collaboration et al.
(2016, leading to a scale of 5.27 kpc per arcsez=at5.9.

2. Observations and Methods

Observations of J2348054 were obtained with ALMA in
con guration C438 between 2019 July 9 and 19 for a total of
18.2 hr(9.0 hours on-sourgeThese observations targeted the

the velocities in units of km"8 (see the color baysThe beam is shown as an

inset in all panels.

3. Resolved|CII | and Dust Emission
3.1. [Cll] Moment and Continuum Maps

In Figurel we show the continuum map, tf@ 1] intensity
map, as well as thigC 11] velocity eld and velocity dispersion
maps. The latter maps were calculated by Gausstarg of
the spectra at each position. We get very similar results for the
velocity eld and velocity dispersion maps if we calculate
moment maps following the mathematical digions, after

[Cu] line as We|_| as the underl_ying dust-continuur_n emission clipping the emission at 2in each channdkee Appendix C in
at ; 240.5GHz in the lower sideband, and continuum-only Neeleman et aR021). For reference, thgC 1] channel maps

emission in the upper sideband aR49.8 GHz. The quasar
J2258-2758 was used forux and bandpass calibration and the

are presented in Appendi. As we will see in Sectiod, the
central peak in the velocity dispersion can be explained by

quasar J2353037 was observed for phase calibration. These beam smearing.

new high-resolution observations contained st short
spacings to recover the totalux (as detailed below,

Section3.2), and therefore they were not combined with the

earlier, lower-resolution ALMA observations, which would
have given too much weight to short baselines.

3.2. Total [Cll] Flux/Continuum Flux Density

In Figure2 we show thgC 1] spectrum in red, which includes
the underlying continuum of J2348054, extracted over a

The data presented in this paper were weighted using a robustircular aperture with a radius of @ (2.1 kp9, encompassing

weighting scheme resulting in ashesized beam with major axis
of a= 07039, a minor axis ob= 07032, and a corresponding
beam area ofr/(4In(2)) x a x b= 0.0014 arcséc This
corresponds to an effective radiug ef 07021, or 110 pc at the

the entire emission seen in the new observations. This spectrum
was derived using the methodology outlined in Jorsater & van
Moorsel (1999, Walter & Brinks(1999, Walter et al(2008,

and Novak et al(2019 2020 to account for the fact that the

redshift of J23483054. The continuum emission was subtracted synthesized and clean beam areas in interferometric imaging

from the data cube using ast-order polynomial t in the UV
plane by selecting the channilghe sideband covering te i1]

have different integrals. In this= 074 (2.1 kpQ aperture, we
derive a continuumux of 2.00+ 0.07 mJy, and aux for the

emission that did not contain line emission. The noise in a[CIi] line of 1.62+ 0.18 Jy km §* (linewidth: 481+ 71 kms?,

31.2MHz( 39 km $Y-wide channel is 53Jy beami*, and the
data cube was cleaned down to a level gfusing a central clean
region, which was a circle of’8 radius. A continuum map was
created from the channels that did not contain line emigssimy
the three remaining spectral windQwssulting in an rms noise in
the continuum map of 4.6Jy bearm™.

Licip= 1.8% 10° Le), both in good agreement with the values
reported in the earlier low-resolution observati¢visnemans

et al. 2019, implying that there is no signtant emission
outside the 2.1 kpc aperture. We adopt these measurements as
the total line and continuumuxes of J23483054 and report
them in Tablel.
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Table 1
Continuum Flux Density anfC 11] Line Flux for the Entire Host Galaxy
(Second Colump and an Aperture af = 530 pc and the Central Pix@hird
and Forth Columh

r= 530 pc Central Pixel

Total Aperture (r< 110 pg?

fe (MJy) ) 2.00+ 0.07 1.77+ 0.01 0.64+ 0.01
[Cn] Qykm<S?Y)  1.62+ 0.18 0.86+ 0.03 0.11+ 0.01

Note.
& The central pixel is dened as the brightest continuum pixel, which is slightly
offset from the peak of thgCll] emission magFigurel).

Survey Explorer (WISE) and Herschel data, which put
constraints on the dust spectral energy distribu®BD) of

Figure 2. J2348-3054 ALMA spectra of the high-resolution data discussed J23483054. From this, we derive a dust Egggperature of

8.9 eaiityg
here (labeled” cycle 8) compared to the previous, unresolved measurements 74 = 84.7"7ys K, an emissivity index off = 1.21%375, and an
discussed in Venemans et @016 (labeled‘cycle 3). For the new data, two integrated total infrared luminosityTIR) of Lyr= 3.2x

different apertures are shosee the discussion in Sectid’)ﬁﬁ and3.5). We_z 103 Le. This gives a total dust mass By ~ thgg %
nd that the new data fully recovers thax seen in earlier low-resolution g M. A . d . f1 B : |
studies. The central’@ region, corresponding to a radius of 0.53 kpc, covers 10° Me . Assuming a gas-to-dust ratio of 1(lg., Berta et al.

89% of the dust-continuum emission and 50% of[tb&] line emission(see 2019, this img)“es a total molecular gas mass of

Table1 for detail3. My ; 1.1x 10 M. If we instead use thgC1i] emission
as a tracer for the molecular gas, following, e.g., Zanella et al.
3.3. Dust Temperature and Optical Thickness (2018, we deriveMypcip = 5.4% 10'° M. However, this

é:ronversion likely overpredicts the molecular mass estimates in

Typically, one proceeds calculating dust gas masses and st .
ypicaty P 9 9 gquasar host galaxie@eeleman et al2021). We note that

formation rate¢SFR$ from the dust-continuum measurements Venemans et al(2017 derived a molecular gas mass of
by assuming a temperatufg emissivity index , and optically - 0

thin emission(Dunne et al200Q Dunne & Eale001; Beelen Mz = 1.2 10'°M, based on C(B-5) and CQ7-6) obser-
et al.2008. vations. We conclude that our dust-basedniss measure-

As we will see below, theux densities per surface area in Ment is in broad agreement with those numbers.
J23483054 are so extreme, that we approach optically thick _From the total infrared luminosity we derive SfiR of

81 . -
emission at our resolution. We here thus proceed using the fulft700Me yr=~ using the relation in Kennicutt & Evaig012).
radiative transfer equation to relate the observeddensities ~ W€ can also estimate the SFR based on [b&] line,

to the intrinsic properties, following following, e.g.,(Herrera-Camus et a2018 their “high ETéRln
relatior), and derive gCi]-based SFRy; of 530Mg yr=~.
S, =0, x [B,(Ty) — B,(Temp)] Some of the difference can be attributed to the well-known
% [1 — exp(—m)](1 + 2)°2, (1 [Cu] de cit (Section3.8). Since we do not have spatially

resolved information on the dust SED available for the other
wavelengths, we continue the discussion and analysis that

wher is th -continuum ux nsity m r X .
ere S is the dust-continuum ux density measured at follows based on the high-resolution band 6 ALMA data only.

= 1900.54 GH7the rest frequency of tH& 1] emissiof, 2,
is the solid angle corresponding to our aperture in steradians,
B (Tg) and B (Tcmg) are the blackbody emissiofB, (T) =
2 hv? c2[exp(h v/(kyT)) — 117') from the dust and cosmic _
microwave backgroundCMB), respectively, and is the In Figure 2 we also show the spectrum extracted over a
frequency-dependent optical depth of the d(mte, e.g, central aperture with a radius of D(530pg as a blue line.
Draine2003 Weil} et al.2007). From this equation we see that This aperture size was chosen to encompass all emission that is
for a given redshift, ux densiyS, solid angle2, and agiven B0 28 ERBRERE ) SRR BNED SR L T
opFicaI depth , the dust temperature is “T“q“e'y dEtermined' whereas thgCll] emission is ydecreased by50% ( uxes '
Th_ls temperature is pe_am-averaged, and will be a lower limit forreported in Tablel, column 3. We note that théC1i] line

Ih\r/WV%fﬁgttg?hai 1%"':2;;2%6@%%“{3;] dust Mty via widths are the same within uncertaintiese are not picking

v Y i . 7 Sgust Ve up higher veIO(_:lty gas when changing the aperture. Frc_Jm this
Ty = Ro(V/Vret)” Mau A™', where o= 13.9 cnfg™" is the simple comparison, we can already conclude thaf@hg is

absorption coeftient per unit dust mass, is the emissivity 1ot 55 centrally concentrated as the dust-continuum emission.
indeX, (et= 2141 GHz is the reference frequency for the dust In Figure 3 (left) we plot, for a given value of and Ty

emissivity(Draine2003, Mausis the dust mass amkl=  r?is the resulting ux density S of the 530pc aperture
the area of the emitting region. (Qa= x 071x071= 7.4x 10513 sh. We also plot, as a
o red line, the measured ux density of this aperture
3.4. Total Emissiorir =2.1 kpg (S = 1.77+ 0.01 mJy; see Tabl®. From this plot we deduce
In AppendixB we present ALMA Compact ArrafACA) that the dust temperature must be at least 42.4 K assuming
band 8 continuum data, as well as archival Widéd Infrared optically thick emission(consistent with the temperature

3.5. 0’1 (r =530 po Aperture
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Figure 10.Left: dust spectral energy distribution of 1233854 based on the data presented in Tabléhe best-t dust SED for the long wavelengths is shown as a
blue line and the bestt parameters are given in the inset. Right: posterior distributions of the dust SED parameters vittadid 3 contours.

Table 2
Far-infrared Flux Measurements of J2348-3054
Instrument Freq(GH2) S (mJy) RMS. Source
ALMA 94.5 0.118 0.013 Venemans et §2017)
ALMA 240.575 2.00 0.07 This work
ACA 406.88 6.17 0.63 This work
Herschel SPIRE 600.0 <56 Archival, P.I. McMahon
856.55 <55 Archival, P.I. McMahon
1200 15 6.0 Archival, P.I. McMahon
Herschel PACS 1873 6.2 2.0 Archival, P.l. McMahon
3000 <4.0(3.3 0.9 Archival, P.I. McMahon
WISE W4 12000 <1.85 Wright et al(2010; Cutri et al.(2021)

Note. Column 1: instrument. Column 2: observed frequency where the approximate central frequencies are given from Herschel and WISE bandsuxolumn 3:
density at the given frequency. Limits are at thde¥el, except PACS 3000 GHz, which is quoted atdiven the source confusion in theld. Column 4: noise at
the given frequency. Column 5: references for the Herschel observations, where the proposalli® isicmahon_1.

We t the photometry with a dust SED of the form rules out the presence of hot g@ 100 K) in signi cant
F  Maust(/v0)°[B(v, T) — Bems(v)], WhereB( , T) corre- gquantities beyond the central region, since the peak frequency
sponds to blackbody radiation aBdyg is emission from the  of the SED is well constrained.
CMB, subtracted to obtain the brightness contrast. The
likelihood is calculated on a 3D grid, with no priors for the
three parameterd, Mquss )- We show the resulting best- Appendix C
dust SED and the accompanying corner plots in Figuithe Additional Qube t Models

best solution has “=2.35 for two effective degrees of In Table3 we give the model parameters of the kinematical
freedom, indicating an excellent. We obtain marginalized modeling usingQube t (Neeleman et aR021), as presented in

values and 45158% credible intervals gﬂ;o: 84.755s K, Section4.1. Figure 11 shows positioavelocity diagrams for
My = 110755 x 107 M, and 8 = 1.217G55. Thf corresp-  two additional modelg(solid body and Keplerian rotation
onding total infrared luminosity istir = 3.2x 10'° L. curve3, analogous to Figuré. These two idealized models

Note that we use the optically thin approximation in this were chosen because they bracket the possible shapes of the
overall SED t because the dependence of the area of therotation curve, i.e., the solid body rotation curve is linearly
emitting region, A, on the wavelength is unknowgsee increasing with radius whereas the Keplerian rotation curve
Section 3.3). Indeed, as shown above, J233854 shows  decreases exponentially with radius. For the Keplerian curve
strong evidence for a radially dependent dust temperatureve x the curve to a velocity of 101.6 kmisat 1 kpc, which
pro le (Section3.7). Warmer dust located closer to the center corresponds to the rotational velocity of a point source with a
of the galaxy is expected to dominate the emission at highemmass of 2.&x 10°M,. The good agreement between these
frequencies, leading to a smalfeand less optical depth. Such idealized models and the data shows that despite the high-
a frequency dependence is nontrivial, and beyond the scope ofesolution observations, the data cannot distinguish between
what can be constrained usinge photometric measurements. different types of rotation curves. We therefore adapt #te
Regardless of these considerations, the Herschel photometrotation curve as ourducial model.
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