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ABSTRACT

We present the results from our Atacama Large Millimeter/submillimeter Array (ALMA) imaging
observations of the CO (7—6), [C1] 370 um (hereafter [C1]) and [N11] 205 pm (hereafter [N11]) lines
and their underlying continuum emission of BRI 1335-0417, an infrared bright quasar at z = 4.407. At
the achieved resolutions of ~1.1” to 1.2” (or 7.5 to 8.2 kpc), the continuum at 205 and 372 ym (rest-
frame), the CO (7—6), and the [C1] emissions are at best barely resolved whereas the [N11] emission is
well resolved with a beam de-convolved major axis of 1.3” (+0.3") or 9 (£2) kpc. As a warm dense gas
tracer, the CO (7—6) emission shows a more compact spatial distribution and a significantly higher
peak velocity dispersion than the other two lines that probe lower density gas, a picture favoring a
merger-triggered star formation (SF) scenario over an orderly rotating SF disk. The CO (7—6) data
also indicate a possible QSO-driven gas outflow that reaches a maximum line-of-sight velocity of 500
to 600 km s—!. The far-infrared (FIR) dust temperature (Tqust) of 41.5K from a graybody fit to the
continuum agrees well with the average Tqyst inferred from various line luminosity ratios. The resulting
Lco(7—6)/Lrir luminosity ratio is consistent with that of local luminous infrared galaxies powered

predominantly by SF. The Lco(7—¢)-inferred SF rate is 5.1 (£1.5) x 103 Mg yr=!. The system has an
effective star-forming region of 1.7‘:(1):; kpc in diameter and a molecular gas reservoir of ~5 x 1011 M.
Subject headings: galaxies: active — galaxies: ISM — galaxies: star formation — infrared: galaxies
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As more and more galaxies have been identified at high
redshifts from recent deep photometric surveys, with
some quasars (QSO) and other emission-line galaxies dis-
covered at extremely high redshifts of z > 7 (e.g., Finkel-
stein et al. 2013; Watson et al. 2015; Venemans et al.
2017; Hu et al. 2017; Banados et al. 2018), how to effec-
tively characterize their star formation (SF) rate (SFR),
SFR surface density (Xspr) and interstellar gas prop-
erties becomes an acute and yet challenging task. In
particular, a direct measurement of Ygpgy is difficult due
to a requirement for high spatial resolution.

Among the high-z galaxy samples studied so far (see
Carilli & Walter 2013 for a review), there is a popu-
lation of the so-called sub-millimeter (sub-mm) galaxies
(SMGs) at z > 2, first identified in sub-mm bands (Blain
et al. 2002). SMGs are among the brightest star-forming
galaxies in the early Universe (Casey et al. 2014). How-
ever, their large distances and dusty nature make it dif-
ficult to sufficiently reveal their internal SF structures at
kpc to sub-kpc scale. As a result, it is still debatable
whether their enormous bolometric luminosity is driven
by a galaxy major merger, i.e., a scaled-up version of
local ultra luminous infrared galaxies (ULIRGs; with a
total 8-1000 ym luminosity, Ltg > 10'2 Ly ; e.g., Tacconi
et al. 2006, 2008), or by a rotating, star-forming galaxy
disk which is constantly fueled by the larger quantities
of gas available at high-z via an increased cold gas ac-
cretion rate (e.g., Agertz et al. 2009; Dekel et al. 2009;
Davé et al. 2010).

Lu et al. (2015) presented a simple spectroscopic ap-
proach for simultaneously inferring the SFR, Ygpr and
some molecular gas properties of a distant galaxy by
measuring only the fluxes of the CO (7—6) line (rest-
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frame 806.652 GHz or 372 um) and either the [N11] line
at 205 pm (1461.134 GHz; hereafter as [N11]) or the [C11]
line at 158 um (1900.56 GHz; hereafter as [C11]). For lo-
cal luminous infrared galaxies (LIRGs; Lig > 10! L)
and ULIRGs, the CO (7—6) line luminosity, Lcor—e)s
can be used to infer the SFR of a galaxy with a ~30% ac-
curacy, irrespective of whether the galaxy hosts an active
galactic nucleus (AGN; Lu et al. 2014, 2015, 2017a; Zhao
et al. 2016a). Furthermore, the steep anti-correlation
between the [N11]/CO (7—6) (or [C11]/CO (7—6)) lumi-
nosity ratio and the rest-frame far-infrared (FIR) color,
C(60/100) (= £, (60 pm)/ f,(100 pm)), can be used to es-
timate C(60/100) or the dust temperature Tgust (Lu et
al. 2015). C(60/100) is in turn related to Ygpr (Liu
et al. 2015; Lutz et al. 2016). Alternatively, one can
estimate C'(60/100) from the [C1]/CO (7—6) luminosity
ratio (Lu et al. 2017a; also see Appendix A), where
[C1] refers to the fine-structure transition (3P, —3P;)
at 370 um (809.342 GHz) of neutral carbon. The fre-
quency separation between the [C1] and CO (7—6) lines
is only 2.69/(1 + z) GHz at high redshift z. This greatly
increases observational efficiency as both lines can fit
within the same sideband of the Atacama Large Millime-
ter /submillimeter Array (ALMA; Wootten & Thompson
2009). These indirect approaches to estimating Ygpr are
useful at high redshifts, where it is often challenging to
resolve a galaxy in the FIR/sub-mm.

In addition, these gas cooling lines probe different in-
terstellar gas phases. With a critical density (nerit)
of ~105cm~3 and an excitation temperature (T,,) of
~150K (Carilli & Walter 2013), the CO (7—6) line
probes dense and warm molecular gas that is energeti-
cally associated with and in proximity of current or very
recent SF activities (Lu et al. 2014, 2017a). The [C1] line
has neiy ~ 103em™3, similar to that of the CO (1-0)
line (Carilli & Walter 2013). Recent observations sug-
gest that this line traces general molecular gas as the
CO (1-0) line does (e.g., Papadopoulos et al. 2004a,
2004b; Lu et al. 2017a; Jiao et al. 2017). The [N11]
line has a low nerig ~ 50em ™3 (Carilli & Walter 2013)
for collisional excitation with electrons. This line probes
mainly diffuse, hot ionized gas (Zhao et al. 2016b; Diaz-
Santos et al. 2017).

A hallmark of a galaxy major merger is the molecular
gas funneled into the inner region of the merging galax-
ies (Solomon & Sage 1988; Sanders et al. 1988; Scoville
et al. 1989; Sanders & Mirabel 1996; Solomon et al.
1997; Downes & Solomon 1998; Gao & Solomon 1999;
Evans et al. 2002) as a result of gravitational torque
during the merger (Barnes & Hernquist 1996; Hopkins
et al. 2009). Furthermore, the non-axisymmetric tidal
force also leads to gas turbulences and shocks that com-
press the gas into higher densities (e.g., Bournaud et al.
2011). Recent cosmological simulations of galaxy merg-
ers at high z (e.g., Sparre & Springel 2016) suggest that
different gas phases have different spatial distributions,
with (a) star-forming dense gas in the inner region of
the merging galaxies, and (b) diffuse hot ionized gas ex-
tending to large radii. The region between (a) and (b) is
dominated by (c) gas of intermediate densities. In this
merger scenario, the CO (7—6) line traces predominantly
the gas phase (a); the [N 11] would be particularly sensi-
tive to the gas phase (b). Likely, the [C1] could have

a significant contribution from the gas phase (c). Such
spatial scale differences are indeed observed in some local
advanced mergers between, for example, CO (6—5) and
a low-J CO line such as CO (1-0) or CO (2—-1) (e.g.,
Xu et al. 2014, 2015). On the other hand, in an or-
derly rotating disk SF scenario, the SF occurs in dense
blobs embedded in the gaseous disk. As a result, both
CO (7—6) and [C1] may reflect the same disk geometry
and kinematics.

In this paper we present the results from our ALMA
observations of the CO (7—6), [C1] and [N 1] line emis-
sion of BRI 1335-0417, an infrared luminous QSO at
z = 4.407 (Storrie-Lombardi et al. 1994), as part of our
continued effort to expand the number of z > 4 galax-
ies with CO (7 — 6), [C1], [N1], and [C11] detections.
The host galaxy system of this unlensed QSO (Storrie-
Lombardi et al. 1996) is dusty and gas rich (Omont et
al. 1996; Guilloteau et al. 1997; Carilli et al. 1999, 2002;
Benford et al. 1999; Yun et al. 2000; Wagg et al. 2014;
Jones et al. 2016) and is likely going through a major
merger involving two galaxy progenitors roughly along
the north-south direction, separated by about 0.6” (~4
kpc; Riechers et al. 2008). The QSO, likely hosted by
the dominant southern galaxy member, has an estimated
black hole mass of ~6 x 10° Mg, (Shields et al. 2006).
The detection of the CO (5—4) emission (Guilloteau et
al. 1997) indicates a large amount of warm and dense
molecular gas associated with the on-going intense SF.
The ALMA data presented here allow for not only some
quantitative characterization of the SF and gas proper-
ties, but also further testing the galaxy merger scenario
for this system, which is caught at the stage of active
assembling of a massive galaxy and rapid growth of the
central massive black hole when the Universe was only
~1.4 billion years old.

In the remainder of this paper, we describe our ob-
servations, data reduction and results in §2, analyze the
observed line and dust continuum emission, quantify the
SF and gas properties, and discuss merger-dominated
SF scenario in §3, and finally summarize our results in
§4. Throughout the paper we use a flat cosmology with
Q= 027, Oy = 0.73 and Hy = 71 km s~ ! Mpc—!. At
z = 4.407, the luminosity distance is 40,993 Mpc and 1”
corresponds to 6.8 kpc.

2. OBSERVATIONS AND RESULTS
2.1. Observations and Data Reduction

The CO (7—6)/[C1] observation of BRI 1334-0417 was
carried out in the ALMA Band 4 in the time division
mode (TDM) in two equal-duration runs on March 4
and 19, 2016, respectively. The observation utilized 39
of the 12-meter antennas with baselines ranging from 15
to 460 meters. The effective total on-target integration
is 607 seconds. The separate ALMA band-6 [N11] ob-
servation was conducted in TDM in one session on Jan-
uary 4, 2016, with an on-target integration of 303 sec-
onds. A total of 40 of the 12-meter antennas were used,
with baselines from 15 to 331 meters. In each obser-
vation, one of the 4 spectral windows (SPWs), each of
1875 MHz wide, was used to cover the redshifted line(s),
and the other 3, tuned at some nearby frequencies on
both sides of the spectral line, were used for the contin-
uum measurement. Each SPW has 128 channels with a
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TABLE 1
OBSERVED AND DERIVED PARAMETERS®
Parameter Value
Observations:
ALMA beam (vobs ~ 149 GHz) (1.2"x0.9”, 82°)
ALMA beam (vops = 270 GHz) (1.17x0.8"”, 64°)
Continuum:
Gaussian fit position® (J2000) (13P38™ 033419, -4°32'35"06)
Gaussian fit size® (149 GHz) 1.20” (£0.047)x0.96" (+0.03""), 89°(+6°)
S, (149 GHz) (mJy) 1.17 (£0.07)
Gaussian fit size® (270 GHz) 1.18” (£0.01”7)x0.92" (£0.01"), 61°(%1°)
S, (270 GHz) (mJy) 9.03 (£0.11)
CO (7-6)%:
Gaussian fit position (J2000) (13P38™ 035420, -4°32'35"05)
Gaussian fit size® 1.34" (£0.06")%x0.97" (£0.04"), 67°(£5°)
Central frequency (GHz) 149.179 (£0.003)
FWHM (km s™1) 341 (£11)
Flux (Jy km s~ 1) 3.08 (£0.11)
[C1¢:
Gaussian fit position (J2000) (13P38™ 033424, -4°32'35"03)
Gaussian fit size® 1.38"” (£0.15"")x1.06” (£0.12""), 68°(+17°)
Central frequency (GHz) 149.690 (+0.004)
FWHM (km s~1) 314 (£16)
Flux (Jy km s™1) 1.04 (40.09)
[Nm]? (total):
Gaussian fit position (J2000) (13P38™ 033412, -4°32'35"09)
Gaussian fit size® 1.70" (£0.32")%x0.92" (£0.14"), 49°(+9°)
Central frequency (GHz) 270.24 (40.03)
FWHM (km s™1) 603 (£64)
Flux (Jy km s~ 1) 1.95 (40.23)
[N1]¢ (3-Gaussian fit)®:
Frequency (core) (GHz) 270.27 (+0.01)
FWHM (core) (km s—1) 238 (£31)
Flux (core) (Jy km s~1) 1.04 (£0.14)
Frequency (red side) (GHz 269.93 (£0.05)
FWHM (red side) (km s—1) 394 (£109)
Flux (red side) (Jy km s™1) 0.62 (40.18)
Frequency (blue side) (GHz) 270.58 (+0.02)
FWHM (blue side) (km s™1) 147 (£49)
Flux (blue side) (Jy km s~1) 0.34 (£0.12)

Line and continuum luminosities:

LNt total/ Lo 2(£1.1) x 108
LN, core/ Lo .9(£0.7) x 108
Lco(r—6)/Lo .0(£0.3) x 108
Licy/Le 7(£0.2) x 108
L{CH]/LQ (:|:0 3) x 1010
Lyr/Lo 0(£0.1) x 1013

2 ALMA flux uncertainties cited do not include the absolute calibration uncertainty likely at ~10%. The uncertainties of the continuum
flux and source size based on a 2d Gaussian fit to an image were estimated following the prescription in Condon (1997) for correlated noise
cases. The uncertainties for the parameters from a Gaussian fit to a spectrum were estimated following the formulae in Lenz & Ayres
(1992).

b Taken from the 2d Gaussian fit to the 270 GHz continuum image which has a higher S/N between the two continuum images. The
measured position difference between the two continuum bands is 0709. The typical astrometric accuracy of of our ALMA observations is
~0.1".

¢ FWHM major and minor axes, followed by the major axis PA (N to E), from the 2d Gaussian fit.

d Spectrum extracted from within an elliptical aperture that resembles the FWHM ellipse of the 2d Gaussian fit to the frequency-integrated
line image, but with the major and minor axes each stretched by a factor of n = 2.5. For the CO (7—6) and [C1] lines, we used a common
aperture referenced to the 2d Gaussian fit to the [C1] image.

¢ These are 3 Gaussian components from the fit to the [N 11] spectrum in Fig. 3c.

f Based on the [C11] flux in Wagg et al. (2010).

g The quoted luminosity error reflects how much the fitted SED-based Lprg varies if Ty,st changes from 41.5 K by +2 K.
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channel width of 15.625 MHz. The effective spectral res-
olution is 31.25 MHz, equivalent to 63 and 35km s~ for
the CO (7—6)/[C1] and [N11] observations, respectively.
The CO (7—6) and [C1] lines are covered by the same
SPW as the two lines are separated by only 0.50 GHz (=
2.69 GHz/(1+z)). The pointing, phase, bandpass and
flux calibrations were based on Ganymede, J111640829,
J1332-0509 and J1337-1257 in the CO (7—6)/[C1] obser-
vation and on J1337-1257 and J1332-0509 in the [N1I]
observation.

The data reduction was carried out with the Com-
mon Astronomy Software Applications (CASA) 4.5.3 and
the final images were cleaned using the Briggs weighting
with the parameter “robust” = 0, resulting in a synthe-
sized beam of full width at half maximum (FWHM) of
1.2"%0.9” (1.17x0.8") at a position angle (PA; N to E)
of 82° (64°) for the CO (7—6)/[C1] ([N11]) observation.
The r.m.s. noise in the final continuum image is ~38
(57) uJy beam~! from the CO (7—6) ([N 11]) observation.
For the spectral cube data, the continuum was removed
using the CASA function “uvcontsub” of order = 1. We
further reduced the channel width of the final spectral
cube to 100km s, resulting in an r.m.s. noise of ~0.29
(0.37) mJy beam ™ for the CO (7—6)/[C1] ([N11]) data.

2.2. Results

We show in Fig. 1 the two continuum images as well
as the frequency-integrated line images. For the [N1I]
emission, the spatially integrated line profile shows pos-
sible high-velocity components (as analyzed in §3.3).
We therefore include in Fig. 1 four separate frequency-
integrated images for the [N 1] emission: a “core” image
(Fig. 1b) that encompasses the main emission compo-
nent, two images representing the blue (Fig. 1c) and
red (Fig. 1d) wing components, respectively, and a “to-
tal” image (Fig. le) that was integrated over the full
frequency range. In each panel, the two blue crosses
mark the respective positions of the two main gas compo-
nents resolved in the Very Large Array (VLA) CO (2—1)
map in Riechers et al. (2008). These two sources (here-
after referred to as sources N and S) are separated by
~200km s~! along the line-of-sight and by ~0.6" (~4
kpc) spatially. As shown by Riechers et al, these individ-
ual sources are rich in molecular gas and likely represent
the progenitors in an on-going major galaxy merger.

We fit a 2d Gaussian function to each of the images
in Fig. 1, except for the image panels (b) through (d).
The resulting central position, FWHM major and minor
axes, and PA are given in Table 1. Based on these results,
the continuum emission at 205 and 372 ym (rest-frame)
are both unresolved or just barely resolved, as well as
the CO (7—6) and [C1] emission. In contrast, the [N11]
emission appears to be well resolved, with an ALMA
beam-deconvolved major axis (dgecony) of 1.3" (£0.4")
(943 kpc) as discussed in more detail in §3.3.

Fig. 2 compares the moment-1 and moment-2 images
of the emission lines using the CASA function “immo-
ments” on all the channel data points above 2.50, where
o is the pixel-to-pixel noise per frequency channel (i.e.,
spaxel). In addition, we used only the channels free
from contamination by another spectral line. Therefore,
these surface brightness-weighted images show mainly
the inner galaxy. All moment-1 images indicate a simi-
lar overall velocity field, with a roughly north-south ve-

locity gradient of up to ~150km s~'. There are subtle

differences between the lines: for example, the velocity
field increases to +50km s~ towards a south-west patch
in the moment-1 image of the CO (7—6) line. However,
this patch completely disappears if the spaxel S/N cutoff
is raised to S/N > 3.5. Therefore, these subtle differ-
ences are of low detection significance. In contrast, the
moment-2 images reveal significant differences between
the lines: the [NTI] line shows a smoothly varying ve-
locity dispersion up to 80km s~! over the inner galaxy
except for a higher value in a region at ~1.1” south-west
of source S. Upon a closer examination of the spectral
cube, this region of apparently higher velocity dispersion
is likely caused by a redshifted (at -185km s™1) signal de-
tected only at S/N ~ 3, which has no clear correspond-
ing signal in the other two lines. By comparison, the
CO (7—6) emission shows a more patchy velocity disper-
sion field with an elongated area at PA ~ 45° showing
higher velocity dispersions of 150 to 180km s~!. This
patchiness remains identifiable until the spaxel S/N cut-
off is raised to S/N > 5 in constructing the moment
images. For the [C1] line, a peak velocity dispersion
of ~120km s~ is seen around source S. Therefore, the
dense molecular gas traced by CO (7—6) is effectively
subject to a higher turbulent velocity field than the gas
component traced by either [C1] or [N11]. It is thus un-
likely that the CO (7—6) and [C1] line emission arise from
the same region. We analyze this further in §3.2 and dis-
cuss its physical implications in §3.6.

Fig. 3 shows the extracted 1d spectra using an ellipti-
cal aperture of the size index n = 2.5 (upper panels) or
n = 1.0 (lower panels), where the index n refers to the
common stretching factor for the major and minor axes
of the aperture relative to that of a reference aperture
(n = 1), with the aperture PA always fixed. Therefore,
the two apertures used in Fig. 3 differ in their major and
minor axes by a common scaling factor of 2.5/1.0. For
the spectra encompassing the CO (7—6) and [C1] lines
(left panels in Fig. 3), the aperture of n = 1.0 is defined
by having its FWHM major and minor axes and PA set
to the corresponding values in the 2d Gaussian fit result
for the [C1] line in Table 1; for the [N 11] spectrum (right
panels in Fig. 3), it is set to the 2d Gaussian fit result
for the total [N11] image in Table 1. These n = 1.0 and
n = 2.5 apertures are also plotted in Figs. 1 and 2.

We fit a Gaussian function to each spectral line in Fig.
3 and the results are shown by the black curves. The
[N 1] line profile in panel (¢) apparently shows wing fea-
tures on both sides, indicating possible gas emission at
velocities of about £350km s~!. We therefore also fit
3 Gaussian components simultaneously to the spectrum,
shown by the blue curves. The [N1] wing features be-
come weaker from the top-right panel to the bottom-
right panel in Fig. 3, indicating that the high-velocity
[N 11] emission is distributed over a wide sky area. Their
spatial morphology, shown in panels (¢) and (d) in Fig.
1, indicates two narrow and long stretches that is appar-
ently reminiscent of tidal tails. The presence of tidal gas
tails would firmly establish the on-going galaxy major
merger scenario (Toomre & Toomre 1972). However, this
requires further observational confirmation as these high-
velocity [N11] features are detected only at S/N = 2—3.

The velocities of the [N 11] wing components are also in-
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Fic. 1.— Surface brightness images: (a) the continuum at ~205um (rest frame); the [N11] line emission integrated over (b) the core

frequency range from 270.021 to 270.472 GHz (243 to -257 km s’l), (c) the blue wing (270.472 to 270.742 GHz or -257 to -557km s~ 1),
(d) the red wing (269.751 to 270.021 GHz or 543 to 243km s™!), or (e) the full frequency range from 269.751 to 270.742 GHz; (f) the
continuum at ~372 pum (rest frame); (g) the CO (7—6) emission integrated from 148.902 to 149.449 GHz (543 to -557km s~ 1); and (h) the
[C1] 370 pm emission integrated from 149.499 to 149.847 GHz (320 to -377km s~!). In each panel, the image and the red contours refer
to the same data; the image stretch is from 0 to the highest contour plotted except for panels (c) and (d), in which the gray scales are the
same as in panel (b). All the contours start at 3, except for those in panels (c) and (d). In units of mJy beam™!, the contours are shown
at [3, 5, 7, 12, 24, 48, 96, 120] x 0.057 in (a) or at [3, 5, 7, 12, 24, 27.6] x 0.038 in (f). In units of Jy km s~! beam ™!, the contours in (b),
(e), (g) and (h) are plotted at [3, 5, 7, 7.7] x 0.11, [3, 5, 6.4] x 0.17, [3, 5, 7, 12, 19] x 0.12, and [3, 5, 7, 9] x 0.092, respectively. The
contours in both (c) and (d) are at [-2, -1, 1, 2] xo, where o = 0.08 Jy km s~ beam™!, and the contours of negative values are shown in
dashed line. The black ellipse at the lower left corner in each panel indicates the relevant (FWHM) synthesized ALMA beam. The blue
ellipses in each line image indicate respectively the two apertures used for extracting the 1d spectra in Fig. 3. The two blue crosses in each
panel mark the locations of sources N and S (see the text). The 5 kpc scale is shown in panel (a).

dicated for the CO (7—6) and [C1] lines in the left panels tracted, the resulting line widths show little change as the

in Fig. 3. We detect some emission excess on both wings aperture size increases (see Table 2). This suggests that

of the main Gaussian fit to the CO (7—6) emission. As most of the warm/dense molecular gas should be con-

our analysis in §3.1 shows, this high-velocity CO (7—6) centrated within an area smaller than the ALMA beam
emission is likely associated with the dominant source S, size.

which is probably the host of the QSO. Given the relatively high S/N obtained for the

CO (7—6) emission, we show in Fig. 4 six contiguous ve-

3. ANALYSIS AND DISCUSSION locity channel images for this line. Fig. 4a is from the

o frequency range where there is an excess emission be-

3.1. CO(7-6) Emission tween the main [C1] and CO (7—6) profiles in Fig. 3a

The FWHM major axis from our 2d Gaussian fit to or 3b. The peak emission in Fig. 4a is significant at
the CO (7—6) image in Fig. 1g is 1.34"” (£0.06") (at PA ~3.60 and appears to be spatially associated with source

= 67°£5°), suggesting that the emission is barely re- S. This signal is also clearly detected at a peak S/N ~
solved at best. A 2d deconvolution of the source size 3.9 (3.5) in Fig. 3a (3b) after we remove the two Gaus-
with the ALMA beam (using the CASA function “decon- sian line profiles shown. The spectral signal peaks at a
volvefrombeam”) results in a beam-deconvolved diame- velocity of about —500km s~1 with respect to the line

ter of dgecony = 0.6”£0.1"(equivalent to 4.1+£0.7kpc) at center of the CO (7—6) emission. Its velocity width is
PAgccony =~ 44°. Fig. 1d shows that the peak surface rather uncertain, but appears to be between 200 and

brightness of the CO (7—6) emission is close to the loca- 400km s~1. This emission could be either from (i) blue-
tion of source S, suggesting that this source dominates shifted CO (7—6) emission or (ii) red-shifted [C1] emis-
the CO (7—6) flux. sion, at a maximum velocity of ~600km s~ if only one

The peak velocity dispersion of the CO (7—6) emis- of the lines is the dominant contributor. Another possi-
sion is ~180km s~! in Fig. 2e. If one extracts a series of bility is that (iii) blue-shifted CO (7—6) and red-shifted
CO (7—6) spectra using apertures of the size index n from [C1] emission are both present. In this case, each emis-

0.5 to 3.0, and fit a Gaussian profile to each spectrum ex- sion could have a lower maximum velocity. (ii) is less
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F1G. 2.— First moment (top row) and second moment (bottom row) images of the [N11], CO (7—6) and [C1] lines, respectively. Only
channel pixels (spaxels) above 2.50 were used in deriving these images, where o is the r.m.s. spaxel-to-spaxel noise. The contours overlaid
are that from the corresponding panel in Fig. 1. For the [N11] line, the contours form Fig. 1b are shown here. For clarity, the same crosses
and the elliptical apertures as in Fig. 1 are also plotted here, but in thick black lines.

likely because the redshifted [C1] signal would amount
to as much as 1/3 of the main line peak. Therefore,
there should be significant blue-shifted CO (7—6) emis-
sion regardless of whether (i) or (iii) is the actual case.
For the analyses that follow, we just assume that (i) is
the case for the sake of simplicity.

The individual channel images in Fig. 4 also show that
the inner emission contours center near source S at all ve-
locities, especially below 80km s~!'. This suggests that
the source S is indeed the dominant CO (7—6) emitter.
Fig. 4f shows the most red-shifted CO (7—6) emission de-
tected at S/N > 3. Corresponding to the emission excess
seen on the red wing of the main CO (7—6) profile in Fig.
3a or 3b, this redshifted signal peaks spatially at a loca-
tion only slightly south-west of the position of the most
blue-shifted CO (7—6) emission in Fig. 4a. Note that
any CO (2—1) emission associated with the CO (7—6)
line emission in either Fig. 4a or 4b would be outside
the bandwidth of Riechers et al. and therefore is not
expected to be seen in their CO (2—1) observations.

The observed spatial locations of the blue- and red-
shifted CO (7—6) emission is suggestive of a possible
bipolar gas outflow. The maximum velocity of the blue-
shifted outflow could be as high as ~600km s~! although
this estimate may be subject to contamination from any
redshifted [C1] emission (see Fig. 3a). On the red side,
the maximum velocity of the outflow could be as high
as ~500km s~!, subject to a considerable uncertainty
associated with the relatively low S/N ratios achieved

(see Fig. 3a). Even though gas outflows at velocities
ranging from 250 to as high as 1,400km s~! have been
claimed in a number of high-z QSOs (e.g., Weif} et al.
2012; Maiolino et al. 2012; Cicone et al. 2015; Feruglio
et al. 2017), the confirmation of this possible CO (7—6)
gas outflow in BRI 1335-0415 still requires more sensitive
observations in the future. Nevertheless, such an outflow
should have a minor contribution to the total flux of the
CO (7—6) emission (see Fig. 3a) and a negligible effect
on the line width of the Gaussian fit to the main emission
profile (see Fig. 3b).

The CO (7—6) line width given in Table 1 is signifi-
cantly narrower than, but still consistent (within about
1o) with the CO (5—4) line width of 420 + 60km s~!
given in Guilloteau et al. (1997). However, their
spectrum is at significantly lower S/N and has a nar-
rower frequency coverage (~1,100km s=!) than ours.
Using their CO (5—4) line flux, we derived that the
CO (7—6)/CO (5—4) luminosity ratio is ~1.3. This ra-
tio suggests a rest-frame C(60/100) > 1 based on the
template CO SLEDs in Lu et al. (2017a; see their Table
6).
The total CO (7—6) flux in Table 1 is 3.08(£0.11)
Jy km s™! based on the Gaussian fit to the line pro-
file in Fig. 3a. The total CO (2—1) flux from a VLA
D-array observation is 0.62(£0.03) Jy km s=! (Jones
et al. 2016). This flux likely represents the total
CO (2—1) flux better than the flux of 0.43Jy km s~!
from the higher-resolution observation in Reichers et
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Fi1G. 3.— Extracted 1d spectra from the CO (7—6) (left panels) and [N 11 (right panels) spectral cubes, respectively, using an elliptical
aperture of the size index n = 2.5 (upper panels) or n = 1.0 (lower panels). The aperture size index n (see the text) is the common stretch
factor for the major and minor axes of the aperture relative to the reference ellipse defined by the 2d Gaussian fit to the frequency-integrated
line image. The velocity scales are with respect to the CO (7—6) and [N 11] line central frequencies (in Table 1), respectively. Therefore, the
observed central frequency of the [C1] line is located at —1,025km s~1. The black solid curve in each panel is the best fit to the spectrum
using either one or two Gaussian functions assuming zero residual continuum. The blue solid curve in panel (c) is a 3-component Gaussian
fit to the spectrum with the individual components shown by the dotted curves in blue. For each spectral line, a pair of blue vertical bars
mark the velocities of the peaks of the two minor Gaussian components of the [N11] emission in panel (¢). The estimated 1o error bar is

shown in each panel.

al.  (2008) This translates to a line luminosity ra-
tio of Loo(r—6)/Lcoe-1) ~ 17.4.  In comparison,
the CO(7—6) and CO(2—1) fluxes of Arp 220 are
9.29 (£0.19) and 1.27 (£0.04) x 10~ Wm~2, respec-
tively (Lu et al. 2017a; Martin et al. 2011), resulting
in Looer—6)/Looe—1) ~ 7.3. Therefore, the warm CO
emission in BRI 1335-0417 is twice as prominent as that
in Arp 220, one of the brightest local (U)LIRGs.

3.2. [C1] 370 pum Emission

Like the CO (7—6) emission, the [CI] emission in
Fig. 1h is also barely resolved at best, with dgeconv =
0.7 (£0.2") (equivalent to 5+1 kpc) at PAdecony =
42°. This dgeconv i apparently larger than that for the
CO (7—6) emission although the difference is not statisti-
cally significant. Our estimated dgecony value of the [C1]

emission is comparable to the scale of the CO (2—1) dis-
tribution seen in the 0.23"-resolution VLA map in Riech-
ers et al. (2008). This is not unexpected as the [C1] emis-
sion in local galaxies scales not only in flux (e.g., Jiao et
al. 2017; Lu et al. 2017a), but also in spatial distribu-
tion with a low-J CO line emission such as CO (1-0)
or CO(2—1) (e.g., Ojha et al. 2001; Ikeda et al. 2002;
Beuther et al. 2014).

The extracted 1d spectrum (Fig. 3a) of the [C1] emis-
sion has a peak flux density of 3 mlJy (see Fig. 3a),
consistent with the upper flux limit of 5.1 mJy set for
this line in Walter et al. (2011). Table 2 shows that the
[C1] line velocity width increases moderately with an in-
creasing aperture used for the spectrum extraction. For
example, the line FWHM increases by 15% from 293 to
338km s~! when the aperture size index increases from
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F1G. 4.— Velocity channel images of the CO (7—6) line emission with the channel frequency and velocity ranges noted in each panel. The

-1

gray image is always the total CO (7—6) image from Fig. 1g. Starting at 3 x the r.m.s. noise and being in units of Jybeam~! km s~1,
the contour levels are: (a) [3.0, 3.6] x 0.052, (b) [3, 6, 9] x 0.046, (c) [3, 6, 9, 15, 22] x 0.027, (d) [3, 6, 9, 15, 22] x 0.028, (e) [3, 6, 9, 15]
x 0.041, and (f) [3.0] x 0.049. The other over-plotted symbols are the same as in Fig. 1.

n = 0.5 to n = 3.0. Even though the amount of the
increase is statistically significant only at 2-30, the in-
crease is systematic and more noticeable than that in
the CO (7—6) line. This suggests that the spatial dis-
tribution of the molecular gas traced by the [C1] line is
effectively broader than the denser molecular gas traced
by the CO (7—6) line. Furthermore, for the aperture of
n < 1, the FWHM of the [C1] line is meaningfully (i.e., at
>40) less than that of the CO (7—6) line. This line width
difference in the inner region of the galaxy is consistent
with the velocity dispersion difference between these lines
in Fig. 2. Therefore, the gas traced by the [C1] emis-
sion is effectively less concentrated towards the galaxy
center than the warm dense gas traced by the CO (7—6)
emission. Likewise, the ionized gas dominating the [N11]
emission distributes over a much larger spatial scale than
the molecular gas dominating the [C1] emission.

The observed [C1] flux in Table 1 corresponds to
L' = (1.6 £0.1) x 101K km s~!pc?. Using a sample
of local (U)LIRGs with both CO (1-0) and [C1] flux
measurements, Jiao et al. (2017) showed that there is
a nearly linear correlation between the logarithmic line
luminosities of the CO (1—0) and [C1] emission, with a
scatter of ~0.19 dex. This observation is the basis for
their derivation of a mean relationship between the to-
tal molecular gas mass, Mgas, and the [C1] line lumi-
nosity. In practice, since the [C1] line has a modest
Tex =~ 63 K, its luminosity has a dependence on the gas
temperature. To some extent, this systematic effect has

been accounted for by the observed scatter around their
mean correlation between Mg, and the [C1] luminosity,
which translates to their claimed uncertainty of a factor
of 2—3 in the derived Mg,s. Using their eq. (11), we
derived Mgas ~ 4.4 x 10! M. This gas mass estimate
is only 5 times larger than the molecular gas mass of 9.2
x 10" M, estimated by Riechers et al. (2008) based on
their CO (2—1) flux and the typical ULIRG CO-to-Hs
mass conversion factor. The difference could be easily
accounted for by the differences between the gas mass
estimators used (see Jiao et al. 2017) and the fact that
our observation used a larger synthesized beam.

For local (U)LIRGs, the ratio Licy)/Lco(7—6) decreases
significantly as C(60/100) increases (Lu et al. 2017a).
Fig. Al in the appendix illustrates this correlation us-
ing a plot reproduced from Lu et al. (2017a). For
BRI 1335-0417, the observed log L[CI]/LCO(7_6) = —0.47
(£0.04), which corresponds to C(60/100) ~ 1.21 (£0.11)
based on the solid line in Fig. Al. In comparison,
log Lict)/Leo(r—6) = —0.30 for Arp 220.

Since Lco(r—e) o< SFR and Licy o< Leo(i—oy, the cor-
relation in Fig. Al suggests that the ratio SFR/Lco1—o)
increases by a factor of ~6 as C'(60/100) increases from
~0.4, which is not too different from the FIR colors for
local normal, star-forming galaxies, to 1.2, where most
ULIRGsS tend to show up. This magnitude of the varia-
tion in SFR/Lco(1—0) is roughly what is seen in Genzel
et al. (2010; see their Fig. 2). Fig. Al shows that the
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TABLE 2
GAUSSIAN LINE PROFILE: CENTRAL FREQUENCY AND FWHM®
Line n=0.5 n=1.0 n=2.0 n=25 n = 3.0
1) (2) (3) 4) (5) (6)
CO (7-6) (149.189, 360) (149.1884-0.002, 360+ 9) (149.181, 359) (149.179+0.003, 354+11) (149.179, 350)

[C1] (149.685, 293)
[N 1] (270.236, 280)

(149.687+0.003, 298+13)
(270.23740.011, 302+26)

(149.688, 303)
(270.241, 471)

(149.690+0.004, 314+16)
(270.23840.028, 6031+64)

(149.692, 338)
(270.237, 694)

a

n = the aperture size index. Each pair of numbers in brackets are the line central frequency in GHz and the line FWHM in km s~!, both from

a 1d Gaussian line profile fitting. For simplicity, the uncertainties are shown only for the cases of n = 1.0 and 2.5.

change in SFR/Lco(1—0) is not bi-modal, but a continu-
ous function of C(60/100) (see also Gao & Solomon 2004;
Cheng et al. 2018). If Ly is proportional to Mg, the
ratio Lco(7—e)/Licry) merely measures the so-called SF
efficiency (SFE).

3.3. [N1] 205 um Emission

The [N 11] emission appears to be more extended than
both CO (7—6) and [C1] emission, and has a FWHM
major axis of 1.7 (£0.3") (see Table 1). This leads to
ddecony = 1.3"£0.3” (or 942 kpc) at PAgecony &= 44°.
This size is about twice as large as that for the CO (7—6)
emission, with the observed size difference at a signifi-
cance level of ~2.30c. The phenomenon that the [NT1I]
emission is much more extended than both of the under-
lying dust continuum and CO (7—6) emission is also seen
in some other high-z galaxies. For example, the [N11]
emission is at least twice as extended as the dust contin-
uum emission for both the QSO and SMG in the com-
pact, interacting galaxy group BR 1202-0725 at z = 4.7
(Lu et al. 2017Db).

It is interesting to notice that the major-axis PA’s of
all three emission lines, after the deconvolution with the
ALMA beam, are around 44°. The PA from the [N11]
emission should be reliable as the line emission is well
resolved spatially. This deconvolved PA is not in the
direction along sources S and N, but is more aligned with
the major axis of source S. This may simply reflect the
fact that source S is the dominant one in the system.

The extracted 1d spectrum of the [N 11] emission in Fig.
3c appears to comprise a core component and two fainter,
but distinct wing components, albeit with both of them
having a peak S/N just below 3. While the brightest
part of the blue-wing image is near source S (see Fig.
1c), that of the red-wing image is in proximity of source
N (see Fig. 1d). This pattern, along with the fact that
both wings appear as a long, narrow structure over a
projected scale of 15-20 kpc, is reminiscent of tidal gas
tails in a galaxy major merger, rather than related to
the possible CO (7—6) outflows discussed in §3.1, which
appear to largely align with the line of sight. However,
these [N11] wing components are only detected at S/N
~ 2—3, the tidal tail picture remains as a speculation at
this point.

We also fit 3 Gaussians to the full [N11] spectrum and
the best fit is shown by the solid blue curve in Fig. 3c,
with the dotted blue curves representing the individual
Gaussian components. These Gaussian fits are also given
in Table 1. The peaks of the two minor Gaussian com-
ponents correspond respectively to the velocity shifts of
-355 and 4340 km s~! relative to the main Gaussian
peak. In Fig. 3. these velocities are marked by the
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F1G. 5.— Plot of continuum flux measurements as a function of
the observed wavelength. (The corresponding range of the rest-
frame wavelength is indicated on the top.) Different symbols indi-
cate the sources of the data: filled squares (Wagg et al. 2014), open
squares (Benford et al. 1999), open circles (this work), and filled
circles (Guilloteau et al. 1997). The solid curve is the best gray-
body SED fit (with a fixed power-law emissivity index 8 = 1.8) to
the data based on an equal weight basis, yielding Tqust = 41.5 K.
two blue bars for each of the 3 lines. We note that the
reduced Chi-squared values are 0.64 and 1.29 for the 3-
Gaussian and single-Gaussian fits in Fig. 3c, respectively,
indicating that the single Gausssian is statistically a bet-
ter fit although both fits are not very satisfactory. We
also tried a couple of ways to fit the data with 2 Gaussian
components. The resulting reduced Chi-squared values
of ~1.34 are slightly larger than that for the single Gaus-
sian fit. We therefore derived two [N11] luminosities in
Table 1 from Fig. 3c. One is based on the flux from the
single Gaussian fit to the [N1I] spectrum and the other
based on the flux of the central Gaussian component in
the 3-Gaussian component fit. We use these respectively
as the upper and lower limits on the true [N 11] luminosity
in our line luminosity ratio analysis below.

3.4. Line Luminosity Ratios and FIR Dust Emission

The continuum fluxes at Aops ~ 1108 and 2011 pum
measured in this work are shown in Fig. 5, along with
other published fluxes at various wavelengths. The solid
curve in Fig. 5 is the best gray-body spectral energy dis-
tribution (SED) fit to all the data points with a fixed
dust emissivity power law index 8 = 1.8 (Planck Collab-
oration et al. 2011). This SED fit gives Tyust = 41.5K
or C(60/100) ~ 1.1.
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TABLE 3
LINE LuMINOSITY RATIO

Line luminosity ratio Value C(60/100)®  Ref?
(1) 2) (3) ()

log ([N 1l]eore/CO (7—6))  —0.21 (£0.06)¢ 1.20 (£0.15) (1)
log ([N gota1/CO (7—6))  +0.06 (£0.06)¢ 1.06 (£0.15) (1)
log ([C 1]/CO (7—6)) +1.30 (£0.09)¢  1.04 (£0.15) (1)
log ([C1]/CO (7—6)) —0.47(£0.04)%  1.20 (£0.11) (2,3)
CO (7-6)/CO (5—4)° 11.30 (£0.15)°  >1.0 2)

2 The uncertainty is dominated by the scatter of the line ratios of the
local calibration sample, i.e., 0.1 to 0.15.

References for converting a line luminosity ratio to C'(60/100): (1)
Lu et al. (2015); (2) Lu et al. (2017a); (3) Appendix of this work.
€ The uncertainty calculated assumes a total flux uncertainty of 10%
for the line flux measured in this work.

The uncertainty given here is free from any ALMA systematic flux
calibration error.
¢ The CO (5—4) flux is taken from Guilloteau et al. (1997).

We also used various line luminosity ratios to estimate
the value of C'(60/100) using the luminosity values cal-
culated in Table 1. The resulting estimates of C'(60/100)
are summarized in Table 3 and range from ~1.05 to
~1.20, with a typical uncertainty of 0.10 or 0.15 in each
estimate. The average value of 1.1 (£0.1) for C'(60/100)
corresponds to Tgust = 41 (£2)K if S is also fixed at
1.8. This temperature estimate is in good agreement
with that from the direct SED fit.

The FIR (42—122pm) luminosity, Lgmr, is 1.9
x10'3 Ls from the SED fit in Fig. 5, resulting in
log Leo(7—6)/Lrr =~ —4.46. This value is within ~1.20
of the average value of this ratio for the local SF-
dominated LIRGs in Lu et al. (2015), where oy is the lo-
cal sample standard deviation. This result confirms that
the CO (7—6) emission in the QSO BRI 1335-0417 is an
excellent SFR predictor and that the FIR luminosity is
also dominated by the SF in this QSO.

3.5. Star Formation and Gas Properties

Following Lu et al. (2015), the SFR inferred from
Lco(r—6) is 5.1 x10% Mg yr~! using the initial mass func-
tion (IMF) of Chabrier (2003). For local (U)LIRGs,
Ysrr is empirically correlated with the rest-frame
C(60/100) (Liu et al. 2015) or f,(70 um)/f, (160 pm)
(Lutz et al. 2016). The scatter of these correlations is
still fairly significant, e.g., ~0.6 dex in Lutz et al. (2016).
Nevertheless, these two independent correlations, to-
gether with the flux densities from our SED fit, give
comparable estimates of Ygpr ~ 1 x 103 Mg yr~! kpc—2
after adjusting them to Chabrier IMF and increasing the
Lgir-based SFR in Lutz et al. by a factor of 2 to align
with the Kennicutt (1998) formula. These estimates of
Ysrr are quite high, approaching the Eddington limit
on the order of 10° Mg yr~tkpc=2 (Murray et al. 2005;
Thompson et al. 2005; Hopkins et al. 2010).

The face-on FWHM diameter, dgg, of the SF re-

gion is estimated to be 1.7fé:gkpc, via YsFr =

(3 SFR)/(47d%p). While this estimated dgsr is smaller
tﬁan the de-convolved diameter of dgeconvy = 4.1£0.7kpc
from the image analysis of the CO (7—6) emission, the
difference is only significant at ~1.30. Following Scov-
ille et al. (2016), we also derived Mg,s &~ 5 x 10 Mg
based on the rest-frame f, (850 um) from our continuum

SED fit. The formal uncertainty for this M., estimate
is about a factor of 2. This is in good agreement with
the molecular gas mass inferred from our [C1] flux above.
The characteristic gas depletion time Tgas (= Mgas/SFR)
is ~108 years.

The derived SFR of 5.1 x 103 M yr~! for BRI 1335-
0417 is similar to that of the QSO and SMG in the
BR 1202-0725 galaxy group system at z = 4.7 (Lu et
al.  2017b), making BRI 1335-0417 one of the high-
z galaxies with the highest SFR known. Among the
brightest ULIRGs in the local Universe, Arp 220 has
LCO(?—G) ~ 2.2 X 107 L@ and L[CI] ~ 1.1 x 107 L@ (Lu
et al. 2017a). Therefore, the Loo(7—6)-based SFR and
Licy-base Mg,s ratios of BRI 1335-0417 to Arp 220 are
~35 and ~24, respectively. The ratio of these two values
is ~1.5, which implies a 50% larger SFE for BRI 1335-
0417.

3.6. On Merger-induced SF at High z

In Fig. 6 we compare BRI 1335-0417 and a few other
high-z ULIRGs with the local (U)LIRG sample in Lu et
al. (2015) via plots, all as a function of C'(60/100) (left
panels) or log Lrr (right panels), of log Licry/Loor—e)
(two top panels), log Linij/Lco(7—e) (mid panels) and
log dsg (bottom panels). The dsrp values are derived
from the Lpig-based SFR and C(60/100)-based Ysrr
as prescibed in Lu et al. (2015). That is, log dsp =
0.5 log Lpr —5.04 log C'(60/100) — 6.17. The error bars
for these dsr estimates are on the order of a factor of
2. All high-z galaxies plotted here have a C(60/100)
derived from the FIR dust SED fitting and their Lgig
corrected for a gravitational lensing magnification factor
when appropriate (see Carilli & Walter 2013).

Despite the fact that some of the high-z galaxies in
Fig. 6 are an order of magnitude brighter in Lgig than
the brightest local ULIRGs, the local and high-z galaxies
appear to follow the same average correlation in each of
the two top-left panels in Fig. 6. On the other hand,
clear segregations are seen between the local and high-z
galaxies in the two top-right panels in Fig. 6. This sug-
gests clearly that it is C'(60/100) or Xgrr, rather than
Lpir, that drives these line flux ratios. Therefore, a
plot of log L[CH]/LFIR (where Lpig can be substituted
by Lco(r—e6)) against Lpmr offers diminished diagnostic
value in spite of the fact that such plots have been widely
used in the literature for galaxy samples across different
redshift epochs.

Furthermore, the two bottom panels in Fig. 6 reveal
that, with SFR surface densities comparable to that of
local ULIRGs, high-z hyperluminous infrared galaxies,
such as BRI 1335-0417, reach their higher global SFR
mainly via a larger star-forming area. This is in an agree-
ment with a similar conclusion reached by Rujopakarn et
al. (2011) who estimated Ygrr based on a radio contin-
uum size in galaxies up to z ~ 2.5. The phenomenon
that the high-z luminous galaxies have a larger SF area
when compared with local ULIRGs is one of the moti-
vations behind the so-called cold gas accretion scenario
as the main SF mode for most of the SMGs at high z
(e.g., Agertz et al. 2009; Dekel et al. 2009; Davé et
al. 2010), as opposed to the merger-triggered SF sce-
nario (e.g., Tacconi et al. 2006, 2008). In the case of
BRI 1335-0417, our observational results favor a merger-
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F1G. 6.— Plots of log Licir/Lco(r—6) (top panels), log Lintr/Lco(r—6) (mid panels) and logdsy (bottom panels) as a function of the
FIR color (left panels) or log Lyir (right panels), for the local (U)LIRG sample (filled squares in red) and a number of distant ULIRGs
at 2 < z < 6.5 (filled circles in cyan or blue) from Lu et al. (2015), which also has an explanation for the labelling of the high-z galaxies
here. The data points further circled in red are the local (U)LIRGs, for which the AGN contribution is likely to dominate the bolometric
luminosity based on a number of mid-IR diagnostics (see Lu et al. 2015). Those high-z targets that are also in our ALMA program
are plotted in blue (Lu et al. 2017b and this work), including ID 141 for which we used C(60/100) and Lgig from Cox et al. (2011), a
gravitational de-magnification factor of 4.1 from Brussmann et al. (2012) and our own [N11] line flux measurement in Cheng et al. (2018,
in preparation). The solid lines in (a) and (c) represent the average correlation of the local sample given in Lu et al. (2017b). The value
of dgp is derived from the Lpig-based SFR and C(60/100) as prescribed in Lu et al. (2015) and has an uncertainty of about a factor of 2.

induced SF scenario. These include (a) the very warm
FIR color of C(60/100) > 1, (b) the CO (7—6) emission is
spatially more compact than the [C1] emission, and (c)
a significantly different velocity dispersion between the
CO (7—6) and [C1] in the inner region of the galaxy. To-
gether, they suggest that the multiple gas phases traced
by these lines arise effectively from different physical re-
gions. Taking into consideration the much larger spatial
scale of the [N 11] emission observed, our results appear to
agree with the predictions from cosmological simulations
on galaxy mergers (e.g., Sparrie & Springel 2016).

It is possible that many of the other high-z galaxies
with a warm FIR color could also be mergers, e.g., both
the SMG and QSO in the BR 1202-0725 system (Lu et

al. 2017b) also plotted in Fig. 6. These galaxy systems
might be caught near the maximum SFR phase of a non
head-on major galaxy merger, which starts before the
two progenitors coalesce (e.g., Sparre & Springel 2016).
This could make the apparent SF size larger than that in
a head-on galaxy merger in which the maximum SF phase
occurs when the two galaxy nuclei coalesce. Local exam-
ples might be the Antennae Galaxies (Wang et al. 2004)
or those widely-separated ULIRGs (Dinh-V-Trung et al.
2010). However, the higher gas content in high-z galax-
ies could lead to a merger-triggered Xgpr much higher
than that in the Antennae system. In fact, the inferred
values of Ygrr for BRI 1335-0417 and the two ULIRGs
in BR 1202-0725 (Lu et al. 2017b) all approach the Ed-
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dington limit. Detailed analyses of local ULIRGs also
indicate that some of the advanced mergers in the local
Universe also have a Ygpr near the Eddington limit, but
with a much smaller SF area (Barcos-Munioz et al. 2017).
This might naturally explain the comparable C(60/100)
(or Xgrr) values in both local ULIRGs and many of the
high-z galaxies in Fig. 6. In such a frame work, a head-
on galaxy merger would easily trigger a super Eddington
Ysrr that could plausibly disrupt or end the starburst
in a few million years, giving birth to a post-starburst
galaxy. It would be interesting to explore whether the
above conjecture may play a significant role in explain-
ing the observations that there is already a population
of post-starburst galaxies at z > 4 (e.g., Wiklind et al.
2008; Fontana et al. 2009; Richard et al. 2011; Straat-
man et al. 2014; Decarli et al. 2017). It is not quite in-
tuitive to see why cold gas accretion would stop in these
quiescent galaxies, but not the other SMGs at the same
redshift epoch, under the orderly rotating disk SF sce-
nario.

4. SUMMARY

We presented our recent ALMA observations of the
CO (7-6), [C1] 370 um and [N11] 205 gm line emission
of BRI1335-0417, an infrared hyperluminous quasar at
z = 4.407, which is likely a major merger between two
galaxies (N and S) based on a previous high-resolution
CO (2—1) imaging. Our main results can be summarized
as follows:

At the achieved resolutions of ~1.1”7 to 1.2” (or 7.5
to 8.2 kpc), the continuum emission at 205 and 372 um
(rest-frame), the CO (7—6), and the [C1] emission are all
barely resolved at best. On the other hand, the [N11]
emission is clearly resolved with a (FWHM) Gaussian
major axis dgecony = 912 kpc after a deconvolution with
the ALMA beam.

The observed CO (7—6) emission not only confirms
that source S dominates the SFR, but also reveals a
complicated dynamics for the dense molecular gas. This
includes a possible bipolar outflow with a maximum ve-
locity as high as 500 to 600 km s~*, likely driven by the
QSO in source S.

While the three lines display similar large-scale velocity
fields, they show different velocity dispersion fields: the

CO (7—6) line displays a patchy velocity dispersion field
with a peak dispersion of ~180km s~*, the [C1] and [N 11]
lines display smoother velocity dispersion fields, reaching
a peak value of only ~120 and ~80km s~!, respectively.
This suggests that the three lines arise effectively from
different regions, a picture that fits better with a merger-
trigged SF scenario than with an orderly rotating disk SF
scenario.

The far-infrared (FIR) dust temperature (Tqust) of
41.5K from the gray-body fit to the continuum measure-
ments agrees well with the average Tqyst inferred from the
line lurninosity ratios of L[NH] /LCO(7—6)7 L[CH] /LCO(7—6)
and Licr/Loor—e)- The resulting Loor—6)/Lrir s
consistent with that of the SF-dominated luminous in-
frared galaxies in the local Universe, thus confirming
the validity of using Lco(7—6) as a SFR tracer for such
high-z dusty QSOs. We estimated a SFR of 5.1 (+1.5)
x103 Mg yr=! (assuming the Chabrier initial mass func-
tion), an effective diameter of 1.7:“5:; kpc for the SF
region, a near Eddington-limit SFR surface density of
~1 x 103 Mg yr~tkpc=2, and a molecular gas mass of
~5 x 10 M.

We show quantitative evidence that, with SFR surface
densities comparable to that of local ULIRGs, high-z hy-
perluminous infrared galaxies, such as BRI 1335-0417,
reach their higher global SFR mainly via a larger star-
forming area.
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APPENDIX
[C1] TO CO (7—6) LUMINOSITY RATIOS OF LOCAL LIRGS

Fig. Al is a reproduction of Fig. 17c in Lu et al. (2017a). We carried out least-squares fits to all the data points
with both CO (7—6) and [C1] lines detected, excluding the seven AGN-dominant LIRGs (circled in red) and NGC
6240 (circled in blue). The least-squares bisector (Isobe et al. 1990) result, given in eq. (1), is shown by the solid line.
The scatter around the fit is equivalent to 0.11 in terms of C'(60/100).

log Licr/ Loor—s) = (0.74 % 0.05) — (1.00 = 0.06) C(60/100). (A1)

The large cross in magenta in the plot is the location of BRI 1335-0417 from this study, using the measured
[C1]/CO (7—6) luminosity ratio and the C'(60/100) value from the SED fit. The horizontal error bar indicates the
possible range for its C(60/100) value. Most of the local AGN-dominant LIRGs lie above the solid line. This is likely
due to the fact that the CO (7—6) emission is rather insensitive to AGN gas heating (Lu et al. 2017a).
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Fic. Al.— Plot of log Licrj/Lco(7—s) as a function of C'(60/100) for a flux-limited local sample of LIRGs (filled squares), adopted from

Fig. 17 in Lu et al. (2017a). The data points circled in red are the galaxies, for which the AGN contribution is likely to dominate the
bolometric luminosity based on a number of mid-IR diagnostics, and the data point circled in blue is NGC 6240 where there is significant
gas heating by shocks unrelated to star formation (See Lu et al. 2017 for further details). The solid line is a bisector least-squares fit to all
the data points detected in both [C1] and CO (7—6), excluding those circled. The data point in magenta represents BRI 1335-0417 from
this study, with its horizontal error bar corresponding to the possible range of the C'(60/100) value. Also labelled is Arp 220, one of the

brightest local (U)LIRGs.

Lu et al.

0.4 0.6 0.8 1 1.2 1.4
FIR color C(60/100)




