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ABSTRACT

We present a comparative analysis of the*@H-0) and Ly lines, observed with the Atacama Large Millimeter Array and
Keck telescope, respectively, in the eld of the submillimetre-selected galaxy SMM J8ZBS® atz 2.8, which comprises a
heavily obscured starburst galaxy and a broad absorption line quasar, immersed in a largbulp. This comparison highlights
the critical role played by turbulence in channelling the energy across gas phases and scales, splitting the energy trail betwee
hot/thermal and cool/turbulent phases in the circumgalactic medium (CGM). The unique chemical and spectroscopic prop@rtier
of CH* are used to infer the existence of a massiv8.6x 10°M ), highly turbulent reservoir of diffuse molecular gas of 3
radius 20 kpc coinciding with the core of the Lynebula. The whole cool and cold CGM is shown to be in owing towards
the galaxies at a velocity 400 km $'1. Several kpc-scale shocks are detected tentatively ih @Hission. Their linewidth and
speci ¢ location in space and velocity with respect to the high-velocity eyission suggest that they lie at the interface of thed
in owing CGM and the high-velocity out owing gas. They signpost the feeding of CGM turbulence by active galactic nucl%
and stellar-driven out ows. The mass and energy budgets of the CGM require net mass accretion at a rate commensuraté wit
the star formation rate. From this similarity, we infer that the merger-driven burst of star formation and black-hole growth:are
ultimately fuelled by large-scale gas accretion.
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Faucher-Gigare2018h Costa, Pakmor & Spring@02Q Dave et al.
2020.

In cosmological simulations, the growth of galaxies in the early Observationally, a new erais opening up (see the review by Hodg
universe results from the accretion of pristine gas in virialized dark& da Cunha2020. While ejection is observed via ubiquitous ionized
matter haloes, modulo ejection of matter by stars and active galactieand neutral galactic winds (e.g. Rupk@18 Faisst et al.202Q
nuclei (AGNs; e.g. Madau & Dickinso@014 Schaye et al2015 Veilleux et al.2020 and contributes to the self-regulation of cosmic
Somerville & Dae 2015 Hopkins et al.2018 Tacconi, Genzel &  star formation, evidence of accretion is slowly building up (Bach
Sternber@020. This gas regulation involves complex exchanges of et al.2013 Schroetter et aR019 Zabl et al.2019 Bielby et al.202Q
mass and energy that take place in the circumgalactic medium (CGMWalter et al.202Q Fu et al.2021).

around growing galaxies. So, the CGM naturally holds many of the One new avenue is the direct detection of extended haloes
clues to the physics of galaxy evolution (Tumlinson, Peeples & Werk( 10kpc) of [C1i] or CO emission around high-redshift galaxies
2017 Hafen etal2019 Wright et al.2020. The challenges raised by  (lvison et al.2010h 2011, Carilli & Walter 2013 Tumlinson et al.
feedback, and by AGN-driven winds in particular, are so prodigious2017), but the dynamics of the gas traced by line emission of extended
that they have only started to be touched by new generations ohaloes cannot be unambiguously ascribed to in ows or out ows
numerical simulations (e.g. Biernacki & Teyssg918 Richings & (see e.g. Fujimoto et aR019. Only absorption lines provide the
straightforward space-velocity information to disentangle in ows

from out ows, without providing the physical origin of in ows,
E-mail: alba.vidal@ens.ftAV-G); edith.falgarone@ens.EF) though.

1 INTRODUCTION
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As bright submillimetre sources, dusty starburst galaxies at high (i) the high occurrence of absorption detections suggests not only
redshift provide unique background sources to probe the environmerthat the surface lling factor of the diffuse gas against the background
of growing galaxies using highly sensitive absorption spectroscopycontinuum source is high but also that the turbulent reservoirs of dif-
in the submillimetre domain, just as quasars do in the visiblefuse molecular gas and the starburst phase are coeval. We thus assume
domain. The power of absorption spectroscopy is even greater againghat the TR lifetime is of the order of the duration of the starburst
gravitationally lensed starburst galaxies that allow far more sensitivephasefsg 505100 Myr (Greve et al2005 Tacconi et al2008),
detections. The submillimetre domain happens to be that of the (ii) following results obtained in the Milky Way (Godard et al.
fundamental transitions of light hydrides that, by linking hydrogen 2014, the CH abundance in this diffuse molecular gas is assumed
with heavy elements, are the very rst steps of chemistry in spaceto be proportional to the turbulent energy transfer rate per unit
(Gerin, Neufeld & Goicoeche2018. Light hydrides have very high  volume,  ~V3,,/r 1r, that depends on the average gas mass density
dipole moments so that the critical density of their fundamental — within the TR volume, on the mean turbulent velocity inferred
transition is orders of magnitude higher than that of CO(1-0), thefrom the observed absorption line widtys, = 0.7V 4,5 and on
usual tracer of molecular gas. In diffuse molecular gas, their the unknown radiustg, causing a degeneracy between the*CH
1 level is therefore weakly populated, so that molecular gas of lowabundanceX(CH*), andrrg,
density oy < 10° cm§3) can be uniquely detected by absorption of  (iii) we break this degeneracy with the nding that, in the few
the fundamental transition of light hydrides against submillimetre cases where the stellar mass of the starburst galaxy is known, the
background sources (see e.g. Riechers e2@L3 Indriolo et al. radiusresc at which the escape velocity of the galaxy surrounded
2018 Berta et al2021, for OH* lines). by its massive CGM is equal to the mean turbulent velocity is such
Among all hydrides, CH, one of the three rst molecular species thatresc Vi X tsg Within a factor of 2, in spite of stellar masses
ever detected in space (Douglas & Herzbd@#1), has unique  differing by a factor of 10 and very different gas velocity dispersions.
chemical and spectroscopic properties, such that it highlights theThis is why both the TR lifetime and the starburst phase duration,
sites of dissipation of mechanical energy (Dralf®86 Gredel, van  tsg, are about equal to the dynamical time of the TR large-scale
Dishoeck & Black1993 Federman et all996 Godard, Falgarone turbulencefqyn  rrr/ Viurb.
& Pineau des F@ts2009 2014). Seen in absorption, it reveals not
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A validation of these unrelated assumptions can only be achieved

only the presence of low-density molecular gas but also the trail . . ) ; . : 5
of the suprathermal energy in this medium. Turbulent transport in :Py dln_ect 'maging of the CGM. This was the primary goal of .thls S
biphase medium comprising cof ( 100K) and warmT  10°K) work, in which we compare our CH}—O) absorption results with 3
- P the Ly line emission in SMM J023990136 atz 2.8, previously 3

neutr.aI. phases may also.contrlbute to*QHO(_juctlon in diffuse gas detected (Ivison et all99§ Vernet & Cimatti 200 and recently 5
(Valdivia et al.2017). In either case, absorption of CKIL-0) traces imaged at high spectral resolutid, 4000, with the Keck/KCWI 5
the small pockets of ‘lukewarm’ gas in a cold medium of low density. , . T ' ' 3
In the rest of the paper, the term ‘cool m:lecular gas’ is adopted forg:;ttsé' isl_gcﬁrf c():f;?rrlli’);?il:gr?ng zg:c:ealah:dss\?;: ,L?;?g?;n eggs:gtel;; %
the gas phase seen in CE-0) absorptiori. . . ' . @
With the Atacama Large Millimeter Array (ALMA), the CHJ = in velocity-space, has opened up new perspectives that we also reports

'51 this paper.

SMM J0239% 0136, the rst SMG ever found, is gravitationally
lensed by the foreground galaxy cluster Abell 370 with a magni ca-
tion factor in the rangg = 2.053.22 (Magnelli et al.2012 Johnson
et al.2014 Richard et al2014 Diego et al.2016. Its total intrinsic

olometric luminosity id py = 1.2x 10L (lvison et al.20103.

tis a complex and vast galactic nursery (see Tadtded Fig.1) that
harbours the starburst galaxy detected in the FIR dust continuum
emission (L2SW), a broad absorption line quasar (BAL QSO) also
seen in the FIR continuum (L1) and faint companions visible in the

1-0) line has been detected in all the lensed submillimetre-selecte

galaxies (SMGs) targeted so far at redshifts 1.7—4.2 (Falgarone

et al. 2017 hereafter Paper I; Vidal-Garcia et al. in preparation).

Most of these are lensed starburst galaxies discoverddengchel

(Eales et al201Q Oliver et al.2010. CH" absorption lines, found

in 15 of the 18 SMGs observed, are unexpectedly deep (opacitie

0.25-1.20) and broad [average full width at half-maximum (FWHM)
400 km §1]. The emission lines, when fully visible, are extremely

broad (FWHM 1500 km §') and are understood as originating in

myriad molecular shocks (Godard et2019, presumably powered rest-frame UV (L2 and L1N) and undetected in the FIR. A new Ly

h lactic wi ing th M (P ).
by hot galactic winds penetrating the CGM (Paper 1) emitter, L3, has been recently discovered in the eld (Li eRall9.

In Paper |, we assumed that the width of the absorption lines is The starburst galaxy provides 58 per cent of the total IR luminosity
dominated by turbulence and show that the*QH-0) absorption o S
! y turbu show ) absorpt (logio Lir = 12.94+ 0.05, corrected for gravitational ampli cation

lines reveal previously unseen massive and highly turbulent reser? . ) . .
voirs (TRs) of diffuse molecular gadr ~ 10°°M ) extending — Magnelli et al.2012), as judged by the relative fractions of rest-

far outside ¢ 10 kpc) the compact starburst cores of radii kpc. fra'_“e 122¢m conFinuum emissipn from L1 and L2SW iq nat_urally
As absorption lines alone cannot provide the extent of the absorbin EETML?SLV,\\;IA |mage§ é;g;\l/l(mggf;f et ZIZIOl?' ng |mth|||ed
medium along the line-of-sight, the original method followed to it Ior p |st_arou|nMF T %rf 135&&1 }?SFT a:t
determine the radius (and mass) of the diffuse gas traced By CH initial mass function (IMF) covering 0.1- (e.g. Kennicu

L . . 1998, ignoring the considerable uncertainty related to the IMF.
absorption involves several assumptions (Paper | and Appendix A): . . .
P P (Pap PP )The molecular gas mass inferred from CO observationdis =

(2.3+ 0.3)x 10"( co/2.1)M , where the CO-to-h conversion
factor is taken to the averageo = 2.1M (K kms>!pc®)>? over
its various gas-rich components (Frayer eRal18. It extends over

T20Z 1890120 6T U0 1senb Aq 9169829/1552/2/9

1We note here that cold for Lyobservers and cosmologistsTs 10*K,
whileitis T 10K or below for submillimetre astronomers ahd 107K
for radioastronomers, which is the temperature of the cold neutral medium irPMagni cation values obtained from thelubble Space Telescop@iST)

thermal pressure balance with the warm neutral mediui atl0* K. The Frontier Fields programme (Lotz et @017 that includes different models
cool molecular gas traced by CKl-0) absorption is warmer than the bulk of the lense maps for Abell 37(itps://archive.stsci.edu/prepds/frontier/le
of star-forming molecular clouds @ 10540K. nsmodelsy.

MNRAS 506,2551-2573 (2021)
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Table 1. Known components of SMM J023$®136.

Name 32000(hmin's) J2000( ) Description References
ELAN Enormous Ly nebula around the entire system 1,2

L1 02:39:51.81% $01:35:58.39 Dusty BAL QSO 1,3,5
LIN 02:39:51.838 $01:35:57.19 Marginally extended and somewhat bluer northern companion to the QSO 1,4
wid Feature extending westwards for several arcsec from BAL QSO, seen in CO(3-2) 5
L2 02:39:52.08 $01:35:57.5 Low-surface-brightness blue structure, east of BAL QSO 1,4
L2SW 02:39:51.954 $01:35:58.92 Highly obscured gas-rich starburst galaxy near BAL QSO 4

L3 02:39:51.58 $01:36:04.8 Faint Ly blob 2

Notes.1 — Ivison et al. {999; 2 — Li et al. 019; 3 — Vernet & Cimatti 001); 4 — lvison et al. 20103; 5 — Frayer et al.Z018.

aCoordinates for L1 and L2SW are measured from the ALMA continuum imaging of Frayer20a8 (accurate te: 0.001 and: 0.002 s in 32000 respectively,
and# 0.02 arcsec in j2000 PFor L2 and L3, the positions come from Li et a019, corrected for the difference between their position for L1 and that of
Frayer et al. 2018. “For L1N, the position comes from the Abell 370 Frontier Fidhigble Space Telescopraging of Lotz et al. 2017, corrected for the
difference between the position for L1 and that of Frayer e28118. 9The position of W1 cannot be given accurately because it is an extended and elongat
source (see g. 5 in Frayer et &018.

1} papeojuBoq

comparison of the CH(1-0) and Ly datais conducted in Section 5.
The discussion, in Section 6, includes the many CO observations OS
this galaxy group and an estimation of the energy budget. The pape
ends in Section 7 with a summary of our ndings and open questions@_

2 IMPROVED REDSHIFT MEASUREMENTS
FOR THE L1 AND L2SW GALAXIES

The redshifts used in the various observations of SMM JO38436
are different:z = 2.803 in Ivison et al. 1998, Frayer et al.
(1998, and the present CHobservationsz = 2.808 in Genzel
et al. 003 and Frayer et al.2018 and z = 2.8048 for the
Ly observations (Li et al2019. They correspond to redshift
determinations achieved with different lines and angular resolutionsZ:
B The velocity difference corresponding to the two extreme redshifts®
Figure 1. Overview of the galaxy group, SMM J02399136. The key  js 300 km $¢, with a remarkable trend: the larger the beam and the S
components_ are Iabelled_: LZSW for the dusty starburst and L1 for the BAL |q\ver the line excitation, the higher the redshitn this paper, all
QSO fo'.low'ng.the notation of lvison et gl2(>10a). ALMA rest-frame 360- the velocity scales are computed with respect to a reference redsh
pm continuum image with contours starting at,3paced by 2, where the Zir = 2.8041% 0.0004 inferred from an ALMA CO(7-6) image

peak is 1.58 mJy bearh and the local rms noise,, is 55uJy bearmt. The i ) :
Frontier FieldsHST frames (Lotz et al2017) used to make the underlying at higher resolution (0.48 arcsec0.46 arcsec) than that published

false-colour composite were shifted 0.1 arcsec west and 0.1 arcsec south {9-72 arcsee« 0.61 arcsec) in Frayer et aRq18, obtained using
align with the availabl&aiastars. The astrometry is then good to better than Briggs weighting rather than natural weighting to maximize the 2
a small fraction of the ALMA synthesised beam, shown inset. Theltlpb, resolution. The CO(7-6) high excitation line is a better tracer of 5
L3, is out of the eld and the extended CO structure, W1, is not shown. the dense hot starburst cores than the lower excitation CO(3-2) line5
even observed at high angular resolution with ALMA: the CO(3-

25kpcinthe source plane (Frayer etl#198 Ivison etal20103. A 2) channel maps in Frayer et aRQ18 clearly show the existence
new massive elongated structure (W1) extending 13 kpc westwardsf an extended low excitation componentvat 340 km $1 that
of L1 has been recently discovered by Frayer et 2018. It is contaminates the L1 and L2SW line pro les. From the new 1 mm &
detected in CO(1-0) single-dish and ALMA CO(3-2) observations, continuum map, the positions of the galaxies, based on the radi%
but undetected in higherCO lines with ALMA. The nature of this  phase calibrators, are given in Tallén the CO(7-6) line data cube,
low-excitation component, with a velocity redshifted with respect to the centre velocity of the galaxies shifts to the red for larger apertures§
that of L1 is undetermined. For an aperture associated with the beam size, the velocities [on the

For Ho = 67.4kms§*Mpc®, \ = 0.315, and = 0.685  z= 2.808 scale, that of the CO(7-6) ALMA data] of the mid-points
(Planck Collaboration V2020, 1 arcsec corresponds to a proper of the half-power strengths centred on the 1 mm continuum positions
size of 8.0kpc az = 2.8 (uncorrected for lensing magni cation arev;; =S 297+ 30km ! andv sy = S 320+ 20km $L. The
which acts mainly east-west, Frayer et 2018. Throughout the  velocity difference between L1 and L2SW being only 23 Khs
paper, we adopt a correction ©f2.25 along the shear direction and  the reference redshift for the two galaxiegy, is inferred from the
% 1.06 perpendicular to that, giving a total ®2.38 (lvison et al.  observed average veloci§308.5km s of the two galaxies in the
20103. The correspondences 3.55 kpc arc3e@.55 kpc arcset z = 2.808 scale. It provides the best reference frame for the galaxies
and 3.36 kpcarcséc are therefore used in the east-west, north— themselves, because it combines the highest angular resolution with
south, and NE-SW (and NW-SE) directions, respectively.

The paper is organized as follows: Section 2 is dedicated to
the improved determination of the galaxy redshifts, the ALMA 3gimilarly, two redshifts differing by 300km$! have been measured for
and IRAM-30m CH (1-0) results are presented in Section 3, the the starburst galaxy G09v1.40 (Bussmann e2@13 Yang et al2017) likely
summary of the Keck/KCWI Ly results is given in Section 4, the due to a large-scale out ow detected in Clémission (Paper ).
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Figure 2. Upper row (left):ALMA rest-frame 360pm continuum image of SMM J023$®136 (grey scale and red contours at 20, 40, 60, and 80 per cent of
the peak at 1.58 mJy be&®) with = 55pJy beamt!. The SMG is labelled L2SW and the BAL QSO L1, following the notations of Ivison e2al@3.

The synthesized beam is shown in the bottom left co(iiddle): Map of the CH' line integrated area (i.e. moment-0) over the velocity ra®gop, 300]
kms°L. The rms noise level over the displayed areaig = 0.06 Jykms* bean?. (Right): CH* moment-0 map over the velocity rang@J000,S 100] and

[300, 1000] km 1. The rms noise level over the displayed areaig = 0.08 Jy kmS! bean?!. The black contours show the dust continuum emission of the
galaxiesLower row: Three CH (1-0) continuum-subtracted ALMA spectra, with Gaussian ts of the emission and absorption. The origin of the velocity scalg

is atzef = 2.8041.The dashed lines show individual Gaussian components, in absorption and/or emission. The residual spectra and the rms noise level arrg also
displayed. The spectra are obtained over the L2SW extended continuum peak (80 per cent contoleflg\atid(over the extended regions at levelsmo
(yellow range) 0.5 arcsec west of L2SWi(iddle and extending over 1 arcsec south-west of Liight).
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the kinematics of the CO(7-6) lines that peak at the same positionsf bad amplitude. Imaging was done in the sagrsA version.
as the 1 mm continuum sources. We cleaned the data using tbasa tasktclean with the hogbom
All the velocities reported in the paper are measured in thisalgorithm. We spectrally regridded the data to a channel width of
reference frame. The absolute velocity estimates are uncertain b$0 km $1. To deconvolve the image, we used a mask contouring the
only + 15km 1, corresponding to the uncertainty oyg;. sources which was de ned in the continuum image. The restored
synthesized beam size is 0.59 arcge0.36 arcsecRA = 54 deg).
The phase centre is RA"29"51586; Dec:S 1 3558.81 (J2000).

3 THE CH"(1b0) PERSPECTIVE The ALMA rest-frame 360pum continuum image of SMM
J0239% 0136 is shown in Figd and2. Only the starburst galaxy,
3.1 ALMA observations and results L2SW, andthe BALQSO, L1, are detected. The radius of the starburst

120z 1890100 6T U0 1sanb Aq 9169829/15S5Z/

galaxy L2SW in the source plane has been inferred from a simpli ed
lens modelling to ber ,sw = 1.8 + 0.1kpc (see Appendix B)
consistent with the radii measured for SMGs at redshafts 1—
3 for which the mid-IR emission is dominated by star formation (e.g.
Ikarashi et al2017).

The only three CH lines detected in the immediate vicinity of
‘L1 and L2SW are displayed in Fig. In the direction of the L2SW
peak of dust continuum emission, only absorption is observed: it is

bandpass, phase, and ux calibrators. Data reduction was performe dSh'ﬁed with r_espect o the galaxies average velocity. An inverse
-Cygni pro le is observed one synthesized beam westwards of

within the Common Astronomy Software ApplicatiazrGA) version . T ) .

5.4.0. We followed the standard ALMA pipeline data reduction. thls.petalt?] In thi dlre(t:.tlon of Ll.’ thereblst Tr? absorptllgn.td.etehc.tehd

Visual inspection of the different calibration steps, i.e. bandpass,agams € peak continuum emission but the upper imit 1 nign,
o < 0.7, because the continuum source is weak. Absorption is

phase, amplitude, and ux, showed satisfactory calibration. Wet tativelv detected thesized b t of th K "
additionally ag antenna DV23 during a short period of time because entatively detected one synthesized beam west ot the peak, mostly

SMM J0239% 0136 is one of eight SMGs observed for the rst
time in ALMA Cycle 4 as part of project 2016.1.00282.S. The
CH* (1-0) line [ rest = 835.137 GHz, Amano2010] at redshift

z 2.8 is shifted into ALMA Band 6 at frequency 219.5 GHz.
Observations were done with 42 antennas in con guration C40-
4. The minimum and maximum baselines were 15 m and 704 m
respectively, providing a maximum recoverable size &f arcsec.
J0238 1636, J02380234, and JOOMB0623 were observed as

MNRAS 506,2551-2573 (2021)
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Table 2. Characteristics of the CHline pro les and inferred properties of the turbulent reservoir around L2SW and L1, computeg for66 Myr. All the
velocities are given with respect tps = 2.8041.

Source S Vabs abs Vem V em 0 N(CH") rrR - X(CHY)  Mrg
Mmdy)  (kms? (km S (msY)  (kms? 10%emd?)  (kpo) (168 (10°M )
L2SW LvP 1.5 280+ 40 210+ 70 — — 0.45 2.9 0.7
Hvb 660+ 70 290+ 160 — - 0.26 2.3 1.3
LV+ HVC 430+ 40 580+ 100 — - 0.29 5.0 23 5.2 35
L2SW-em 0.7 600t 180 750+ 440 40+ 380 1280+ 640 0.37 8.3 30 8.8 4%
L1-em 0.4 80+ 90 290+ 130 60+ 240 1350+ 440 0.62 54 12 1.3 33
Averagé 380+ 200 490+ 470 55+ 450 6.2 22 3.7

aRest-frame 36(um continuum ux of the galaxies®Low (LV) and high (HV) velocity components in Fig.(bottom left). °Fit with one single component that
allows the determination of the global TR propertiéslass estimated faue = 1.8 kpc, the intrinsic radius of L2SW inferred from lens modelling (Appendix
B). ®Mass estimated forsyg = 0.8 kpc (Appendix B).fWeighted averages fofaps V aps andven of the single component t for L2SW, L2SW-em, and
L1-em.

against the CH line emission. The regions over which absorption the phase centre). No lower limit on the linewidth was included in

and emission are detected appear at tBe o level in the moment-  the selection criteria. The search was performed witha and is by

0 maps of Fig.2 computed over two different velocity intervals no means a systematic search of all the*Gihission spots. This is

( mo is the rms noise level of the moment-0 maps). In L1 and the goal of an on-going study (Hayatsu et al. in preparation).

L2SW, the CH emitting regions are more extended, at that level, ~However, the number of negative extended structures challeng

than the synthesized beam and spatially offset from the continuunthe statistical signi cance of the positive structures. While the

peaks, an offset already reported in Paper | for other starburstnumber of positive structures exceeds that of negative structureg
o
2

/ @y/:sdny woJj papeojumoq

galaxies. close to the phase centre (F8), itis less clear cut in the wider eld,

The line pro les are decomposed into Gaussian components: on@ut to the 1/3 response point of the primary beam (figiVe showin 5
or two components in absorption and one in emission. The parameter8ppendix C that the bright and extended negative structures could bg
in Table 2 are inferred from the ts made simultaneously to the due to combined sidelobes of multiple regions of weak emission ande.
emission and absorption lines: nand v apsare the FWHM ofthe  that the number of pixels in positive extended structures larger thars
emission and absorption linagys(respVvem) is the offset velocity of ~ one synthesized beam exceeds that in negative ones within 4.5 arcs&c
the absorption (resp. emission) Gaussian with respect to the redshiftom the centre of phase (Fig.1). This positive excess suggests that
Zet = 2.8041 (Section 2). The uncertainties on the parameters hava fraction of the positive structures in the inner part of the ALMA &
not been evaluated with the bootstrap method to take into accounteld of view are not due to residual sidelobes, although this excessO
the correlation between these parameters because the emission lindses not tell which are the real emission structures and which ares
are only tentatively detected. the sidelobes among the positive ones. We also note that, as the

A remarkable feature in the moment-0 maps of Elgis the total power is missing in our ALMA data, in particular its spatial
presence in the L1 environment of elongated structures above thdistribution over a few arcsec, the power in the structures of negativ.

mo level, whose shape depends on the velocity range over which thenoment-0 is overestimated.
line moment-0 is computed. To highlight the velocity-dependence of The CH" spectra of seven additional candidates are displayed ino
their shape, Fig3 displays the overlays of all the extended structures Fig. 4 with Gaussian ts to their line pro les and residual spectra. <
brighter than o in four different moment-0 maps of the close Spectra taken within the same, contour as the selected moment- 0 €
environment of L1 and L2SW. The choice of their velocity coverage structures but localized in their vicinity are displayed in Fif to
optimizes the signal-to-noise ratio of the moment-0 values (i.e.illustrate the high quality of the baselines in the inner part of the
coverage of 1000 and 1600 ksmuch larger than the resolution ALMA eld.
to increase the signal but not as large as the lines themselves to These structures of possible CHine emission are complex S
limit the noise level), while the choice of their velocity re ects the because the lines are weak and extremely broad, and emission argi
distribution of the structures in velocity. The overlays of extended absorption coexist over various velocity ranges, depending on the
structures weaker tha® o in the same moment-0 maps are also position. This is why, although there are several other promlnentg
shown. CH spectraintegrated over areas encompassing the structurpositive extended structures in the moment-0 maps of &ighe .
contours in the four different moment-0 maps are also displayed inseven spectra selected are those for which simultaneous Gaussian
Fig. 3. These structures are possible regions of Gide emission ts to the emission and absorption could converge.
located within 10 kpc from the BAL QSO, L1. The characteristics of these candidate*G#ission regions and

A search for emission lines further away from the galaxies, those in the close vicinity of L1 and L2SW are given in TaBle
conducted in velocity-space and space over the 1/3 primary beanThe rst eight structures are the most plausible because they are
of the ALMA observations (43 arcsec/314 arcsec), has led to the located within 4.5 arcsec from the phase centre and the rms noise
discovery of possible additional structures of Cldmission. The level of their residuals i%0.2 mJy. The others are less plausible,
criteria used to identify structures in different moment-0 maps are:being further from the phase centre, with noisier spectra but the
(i) line-integrated intensity brighter than the, level, where s comparison of their CH emission to that of Ly suggests that three
the rms noise level of the moment-0 values over the searched areaf them may be real (see Section 5). Note that, although the peak
(i) more extended, at that level, than the synthesized beam, i.e. intensity is of the order of the rms noise level in 50 ik shannels,
> 0.17 arcsetand (jii) localized within the 1/3-primary beam area the signal-to-noise ratios computed over their full linewidth are all
where the noise is minimum (i.e. at a distance less than 7 arcsec from 3 because they are extremely broad ¢, 1300 kms?).
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Figure 3. Central panels:Overlay of four CH moment-0 maps displaying only the pixels brighter tham (top) and weaker tha® o (botton). The
velocity coverages of the four moment-0 maps agt350, 250 km3? (purple), §1000,5100] and [300, 1000] knt (blue), [0, 1000] km$? (red) and

[500, 1500] km$§? (green). The rms noise level over the displayed area ggg= 0.06 and 0.08 Jykntd beant! for the narrower (1000 knd) and
broader (1600 km¥') velocity coverage, respectiveluter panels:Four CH (1-0) continuum-subtracted ALMA spectra of the indicated extended areas
encompassing the structure shapes in the different moment-0 maps. Gaussian ts of the emission lines and residual spectra are displayedf ffiee origin
velocity scale is atrer = 2.8041. The black contours mark the continuum emission of L1 and L2SW, as i2. Fig.

Four straightforward results regarding the lines of the eight mostthe CH'" line. The wobbler was operating at 0.5 Hz with a throw of
plausible candidates appear in this table: + 30 arcsec. The weather conditions were good with a SSB system

temperature varying between 160 and 220 K. At this frequency,
1
(1) their average centroid velocityem = 170 km §,is redshifted the half-power beamwidth is 11.2 arcsec (close to the 1/3 ALMA
with respect to the reference frame of the gaIaX|es,

.. . . . . . primary beam) and the ux/brightness conversion for point sources
desli;ttigilr Cerltrgfo\ll(?rl]ogltles are highly scattered, with a standard is S[Jy] = 9.6 T5[K]. A spectral resolution of 64 MHz provided
(i) theirve;v_erage FWH'M v . = 1330 km&! is extremely a velocity resolution of 87 knts. The spectra were reduced and
’ em — ’

= i ftw. 5
large for molecular lines, with FWHM up to 3000 km$?! and analysed with the.LASS package of the'.LDAS sottware.
: S A broad CH line has been tentatively detected with a peak
their standard deviation is small,

(iv) on average, they are 3 x more extended than the ALMA intensity T, = 0.3+ 0.1mK in resolution elements of 87 kri§
. ’ ) ) a centroid veI00|thH+(1so) = 100+ 170 km$?, and an FWHM
synthesized beam area, mostly because of their elongation.

V chrso) = 1300+ 500 kms$! (Fig. 5). The 12C0O(3-2) line,
Several of these structures are elongated over more than 1 arcseE, = 0.8+ 0.2mK, is centred avco 2= 210+ 60 km$'?, and
along directions that are not aligned with the lensing shear directionparrower,v co@-2= 800+ 100 km §*, than the CH line (Fig.5).
roughly aligned with the L2SW-L1 direction (Frayer et2018. In The offset velocities of the two lines with respectzig are similar
a few cases, they are barely resolved in the transverse direction.  within the error bars.
The sum of the eight most plausible CHine uxes identi ed
in the ALMA data (Table3), weighted by the IRAM-30m beam
3.2 IRAM-30m observations pro le at the relevant location, is shown in Fig.(top). This sum

The CH (1-0) observations were carried out in June and NovemberiS Smaller than the ux measured with the single-dish IRAM-30m
2019 at the frequency = 219.584 GHz corresponding to the rest- (e/escope (5'96 bottom). The line integrated Lxes oves 000,
frame frequency o = 835.079 GHz of the CH(J = 1-0) transitioy ~ 1000] km$™ are 1.4+ 0.4 and 3.5+ 1.4 Jykm§® for ALMA

at redshifz = 2.803. Two EMIR receivers (Carter et 8013 were ~ 2nd IRAMVme, respectively. Over a broader mtervef@,}poo,
operated, EO at 90.9 GHz for tHaCOU = 3-2) line and E2 for ~ 2200] km$?, these integrated uxes are 22 0.5 Jykm$* and
4.7+ 1.6 Jykms$?, indicating that the ensemble of scattered*CH

emission structures detected by ALMA in the inner 4.5 arcsec of the

TZ0Z 1300190 6T U0 1sanb Aq 9T69829/TSS52/2/90G/2]0n1e/seiutl/wod dnooiwapese//:sdny wol) papeojumod

4This value is the rst to have been determined experimentally by Pearson &
Drouin (2008. It differs by only 58.5 MHz, or 21 km<! from that determined

later by Amano 2010. Shttp://www.iram.fr/IRAMFR/GILDAS
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Figure 4. Same as Fig3 over 1/3 of the ALMA primary beam, shown as a dashed black circle. The rms noise levels of the four moment-0 maps over theé1/3
primary beam of ALMA are similar to those in the eld of Fig. The distance of 4.5 arcsec to the phase centre is given by the dashed magenta circle. 2
[e2)
g
eld of view contributes to about 50 per cent of the power detected 3.3 Properties of the turbulent CGM inferred from the CH* Q
by IRAM-30m. lines 3
This comparison suggests that these eight structures are the " S
brightest of a broad distribution of weaker structures that contribute3-3-1 TheCH" absorption lines 2
to the single-dish detection but are resolved out by ALMA and/or e absorption line optical depth, computed at the veloity of o
too weak to be detected. This is also in line with our statement thagy,o deepest absorption, is derived from the Gaussian ts: s
the CH emission structures we report are not a complete census @
of the CH emission spots in the data set. The line shapes of the S(Vand N
two spectra in Fig6 are notably different, which is likely dueto ¢=S In = (1) N

the combination of a complex radiative transfer of the*Qide (i.e. Seont * Sem(Vabs

locally the pro les are P-Cygni and inverse P-Cygni) and ALMA
Itering.

Last, we note that the total power detected by the IRAM single-
dish telescope, 3.5 Jy km%over 2000 km$' would correspond,
if distributed uniformly, to an integrated line brightness of 4.7
mJykm$*! beam® in an ALMA moment-O map at the resolution
0.59 arcsecx 0.36 arcsec, integrated over 1600 kKth.sWith a
surface lling factor of 8 per cent in the ALMA one-third primary
beam, it would amount to 60 mJy kms! beam! that is the

mo level of the moment-0 maps. Recovering the total power
and its spatial distribution at a few arcsec scale would possibly
shift the moment-0 brightness distributions towards more positive
values.

with Sont and Sim(Vang are the dust continuum ux and the line
emission ux at velocityvaps respectively, and(vapg is the ux
resulting from the absorption. The optical depth estimates of the
absorption lines (Tabl®) are not affected by differential lensing
because the background dust emission photons and those — at the
same frequency — that escaped absorption by @tdlecules have
experienced the same lensing. The velocity resolution is coarse and
we cannot rule out the possibility that portions of the line might
be saturated. The estimated valuesN¢€H*) could therefore be
lower limits, so in Table€ we provide them without a compiled error.
However, the rms uncertainty o in the spectra of Fieis 0.15

so that the relative uncertainty og is between 25 and 40 per cent.

MNRAS 506,2551-2573 (2021)



2558 A.Vidal-Garéa et al.

Table 3. Characteristics of the tentative CHemission detections.

Name Flux density a Vem® Voen? SIN® dd de f
(mJy) (mJy) (kms?1) (kms>1) (arcsec) (kpc) (arcset)
Ll-em 0.12+ 0.05 0.09 60+ 240 1350+ 440 2.8 1.1 3.9 0.34
L2SW-em 0.16t 0.12 0.12 40+ 380 1280+ 640 3.0 1.1 3.9 0.38
L1-ne 0.12+ 0.11 0.17 530+ 1200 2900+ 3100 2.7 1.7 5.7 0.46
L1-nw 0.31+ 0.17 0.19 740+ 290 1070+ 690 3.8 2.5 8.4 0.42
L1-swl 0.29+ 0.17 0.21 S 600+ 330 1160+ 775 3.3 2.0 6.7 1.03
L1-sw2 0.18+ 0.11 0.17 340+ 720 2290+ 1700 3.6 4.5 151 0.32
L2SW-nel 0.16 0.15 0.17 $620+ 655 1420+ 1540 2.5 3.8 12.8 0.44
L2SW-sel 0.24 0.13 0.20 127Q 500 1820+ 1210 3.6 3.2 10.8 0.54
Average 0.25 - 17&¢ 54¢F 1330+ 27C¢¢ - 8.4 0.49
L1-g" 0.34+ 0.24 0.20 1590t 766 1275+ 940 2.8 5.6 42.3 0.48
L2SW-n 0.27+ 0.15 0.30 $285+ 545 2860+ 1315 34 54 25.4 1.85
L2SW-ne2 0.3& 0.13 0.30 825+ 320 1700+ 750 3.5 5.0 17.8 1.03
L2SW-se2 0.4& 0.15 0.40 805+ 215 1390+ 500 3.2 5.0 16.8 0.67
L2SW-se3 0.2% 0.11 0.25 655+ 525 2510+ 1270 3.8 5.3 17.8 1.00
Averagé 0.25 - 412+ 550 1450+ 390° - 28.8 0.75

Note.2Spectrum noise computed for a spectral resolutior 50 km $1; bline centroid and FWHM inferred from the Gaussian ts shown in Fgend 4;
Cline signal-to-noise ratio computed over the FWHldrojected distance of the structure from the phase centre, expressed in &aseedistance, expressed
in kpc, corrected from lensing shear by adopting the three kpc atsecrespondences in the source plane discussed in Secfanlidi;angle of the structure,

to be compared to the ALMA synthesized beam area, 0.17 &cheeighted average$for this source, absorptionwas tted simultaneously with the emission.
The absorption parameters are the line centvgid= 1955+ 210 km$! and FWHM v gps= 520+ 675km 1, iAverage values for the 13 structures.
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Figure 5. IRAM-30m observations: the CH1-0) line (top) and2CO(3-2)
line (bottom) and their Gaussian ts. The origin of the velocity scalgds Figure 6. Comparison of the sum of all the CHemission-line spectra

= 2.8041. detected by ALMA (top) with the tentative IRAM-30m detection (bottom).
The origin of the velocity scale &ef = 2.8041.

The CH column densities are the average values in a solid angle
subtended by the area, 2,,¢, of the background source assumed to duration of the starburst phakg:
be uniformly covered by the absorbing screen:

. . IR = Viurh TrisB. 3)
N(CH") = 3x 10%2cm®? o(V apd 1kms?h). (2)

wherevy,,tr = 340 km $1 s the mean turbulent velocity provided
The absorption lines in the direction of L2SW aeelshifted with by the weighted-average width of the absorption livgs,tr =
respect to the galaxies systemic veloaityz,s = 2.8041. These 0.7 v as(Table2).
redshifted absorption lines are evidence of several in owing gas The starburst phase duratiotsg, is often estimated as the
streams on to the SMG at velocitieg, = Vaps The projected in ow consumption time of the molecular gas mass due to star formation,
velocities in the direction of L2SW are largep,Losw = 2805660 tse = Mu,/ SFR. Values ofsg consistent with those of Tacconi et al.
kms°! (see Table). In the direction of L1, the absorption is also (2008, usually around 50-100 Myr, have appeared in the literature as
redshifted but the offset velocity is much smaligf,;, 80 kms?. far back as Frayer et all999 and Greve et al2005. In the case of
Following Paper |, we estimate the radius of the reservoir of diffuse SMM J0239% 0136, the starburst galaxy itself, L2SW, comprises
molecular gas at the origin of the CHabsorption by connecting the approximately 25 per cent of the total molecular gas mass (see
CH" formation rate with the turbulent dissipation rate, assuming Frayer et al.2018 yielding a bespoke value dgg 66 Myr for
that the turbulent dynamical timgg/ Vi, 1r is of the order of the  its SFR of about 870 M yrS! (Section 1). We caution here that

MNRAS 506,2551-2573 (2021)
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tsg uncertainties stated in the literature have usually ignored theH,. Most likely they originate in lower velocityvg, 20 km $1)
considerable systematics related to gas mass and SFR — those duel®-irradiated molecular shocks (Paper | and Godard e2@i19. A

co and the IMF, for example. particularly interesting result of Godard et @009 is that the CH

We recall in Appendix A the method followed to infer the CH  column density in the post-shocked layer of these irradiated shocks
abundance from the fact that the CHormation in the diffuse  increases linearly with the UV- eld irradiation over a broad range of
component is primarily driven by turbulent dissipation. Onggis pre-shock densities.

known, the degeneracy between the radius and the alitindance The large velocity dispersion of the ensemble of individual low-
is broken and the mass of the diffuse molecular CGM (TR) can bevelocity molecular shocks (LVMS) is at the origin of the broad*CH
determined. linewidths. We ascribe it to turbulence generated in the post-shock

In Table 2, the different values of the radiusg, abundance layer of high-velocity shocks (HVS) in the CGM (see Section 6.2).
X(CH") and massMr of the turbulent reservoir obviously refer The dynamical energy transfer between HVS and LVMS might be
to the same entity, probed by different sight lines. They are close tasimilar to that observed in the 50-kpc long shock in the Stephan’s
each other because the absorption optical depths are similar, beinQuintet driven by a galaxy collision with a gas tidal stream. Within
bracketed by unity on the upper side and.2, the sensitivity of the  this large-scale shock, the [ and CO line velocity dispersions Y
observations on the brightest continuum source. The dynamic rangare 1000 km §? (Guillard et al.2012 Appleton et al2013 2017 3
on M is therefore limited. The values in Taleare computed for  spanning the velocity difference between the intruder galaxy and theg
tsg = 66 Myr, a molecular fractiofiy, = 1 and the local density of  tidal stream of atomic gas. §
the absorbing mediumm, = 50 cn3. This value of the local density The physics of such powerful energy transfers betwe#@ kpc- 3
is inferred from the Milky Way studies (Godard et a009. An scale shocks feeding a turbulent cascade in the multiphase posg
upper limit on the local gas density ofi  10°cm®2is provided by shock layers is complex. It is the focus of several recent thoroughZ
the fact that the CHine is seen in absorption (see Appendix D).  investigations (e.g. Gaspari, Ruszkowski & @03 Gaspari, Temi

The last line of Table2 gives the average values of the three & Brighenti2017 Gronke & Oh202Q Li et al.202Q Lochhaas et al.
estimates of the TR properties derived from the three lines of sight202Qq Voit et al. 2020.
towards L2SW, L2SW-em, and L1-em. The average of the absorption We show below the added value of a joint investigation of"CH
offset velocitiesyaps provides a mean in ow velocityi, = 380+ molecular lines and Ly observations in this eld.

200 km $* with respect to L1 and L2SW afer = 2.8041.

The CH absorption lines in SMM J023$20136 therefore
highlight the presence of a massive turbulent reservoir of diffuse
moleculargasyitg = 3.7 x 10°t4 M , wheretgs= tsg(66Myr)>*,
in owing towards the galaxies a¥;, = 380kms?*, a velocity SMM J0239%0136 was known from the earliest spectroscopic

4 THE LY PERSPECTIVE

comparable to its mean turbulent velociy,ntr = 340km §1, observations with CFHT to be a Lyemitter and the total extent
Its inferred radiusrrr ~ 22tggkpc is independent of the lensing of the emission was found to be 13 arcsec &00 kpc (lvison et al.
magni cation, since it is inferred from absorption lines. 1998 Vernet & Cimatti2001). These galaxies have recently been

observed with the Keck/KCWI (Li et a2019 and an extended Ly
nebula has been imaged oveBO kpc (Fig.7). However, it is not
quite as large and luminous as the Liyebulae referred to as ELANe
by Cai et al. 2017 and Arrigoni Battaia et al.2018. The bright-
The detected line ux densities (Tabl8) correspond to line  spot, L3, previously unknown, is the focus of Li et &2009 who
brightness temperatures10 mK in the source frame, assuming a propose that it is a dark cloud made visible by uorescence excnedcD
uniform brightness over the structure solid angle (see Appendix D) by the BAL QSO, L1. The spectra observed at the position of the‘<
This assumption provides a lower limit for the density in the gas starburst galaxy L2SW, the BAL QSO L1, the blue companion L2, =
component of the CGM where CHis formed and radiates. In and the dark cloud L3 are shown in F&).The lines are highly non-
Appendix D, we give the results of non-LTE radiative transfer for Gaussian and asymmetrical close to the QSO. Towards L3, the lin

3.3.2 TheCH* emission lines

169829/T552/2/906/21one/Seluw/wod dno-ojwapese//:sd
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the CH (J = 1-0) emission using theADEX code (van der Tak  is narrow (FWHM= 353 km$1) and close to Gaussian (Li et al. ©
etal.2007). They provide the gas density and temperature conditions2019. Two narrow absorption troughsat 150 andS550 km $1 8
required to form a 10 mK emission line, for two re]evant“Odszumn are also detected at the three positions L1, L2, L2SW and at the san%
densities and a local velocity dispersion of 20 krh Densitiesny velocities (Fig.8). ~

10* cm? are required for temperaturesl0*K and N(CH*) = The position—-velocity diagram (Fi§) shows that the extremely
1013 cm®2, broadLy lines (FWZI possibly larger than6000 km §1) are found .

As the CH radical has an extremely short lifetimgy: 1 yr only in the inner part of the nebula, indeed unresolved by the KCWI
(Appendix A), these structures, rich in Cknd located at distances observations which had a seeing of 1.5 arcsec (Li @9, i.e. the
of severalx 10 kpc from the galaxies, cannot have been stripped byextent of the extremely broad Lyemission in the position—velocity
galactic winds from the galaxies’ interstellar medium, because thecut.
advection time, even at velocitiesL 000 km §* would be> 10 Myr. In its more extended part, the lines are narrower and redshifted
Therefore, CH must have formedn situ, where it is observed. with respect taze; = 2.8041 by up to 750 km §*. Remarkably,
Given the large CH linewidths and the large densities required the average velocity across the southern part of the nebula does not
for line emission, the CH seen in emission most likely formed in  change much. At rst sight, the Ly lines cannot be interpreted
shocks. However, the C’Hemi;sion lines are extremely broad, with simply in terms of out ows and in ows, as discussed in Verhamme,
anaverage FWHM 1330 km s* (Table3), asin several other SMGs ~ Schaerer & MaselliZ006 and Dijkstra 017 except for the line in
(Paper I). CH cannot originate in shocks at such high velocities the direction of L1 that has aredshifted centroid velocity, computed as
since this would dissociate the,Hnolecule needed for the CH its rstmoment,Cy, = 260+ 40km &1, This redshifted velocity
formation and sputter dust grains necessary for the re-formation otentroid can be seen as a signature of out owing gas due to the
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Figure 7. Continuum-subtracted Lyemission of the gas surrounding SMM A . . . .

J0239% 0136 adapted from Li et al2019. Note that we have taken the
lensing shear direction into account, so that the kpc a?ésmrrespondence 4580 4600 4620 4640 4660
is not the same along the RA and Dec. axis (see Section 1). The magenta )\obs [A]

ellipses therefore show the size of the turbulent reservoir of diffuse molecular

gas seen in CH(1-0) absorption against the L2SW and L1, estimated
following the argument of Paper | fdgg = 50 Myr (thick) and 100 Myr
(thin) that bracket the 66 Myr value found for SMM JO238®136. The
dashed white circle shows the HPB® 11.2 arcsec of the IRAM-30m
telescope at 220 GHz centred at RA (20680)2:39:51.89, Dec (20003
$01:35:58.9.

Figure 8. Ly spectra observed in the direction of L1, L2, L2SW, and L3 by
Lietal. (2019. The origin of the velocity scale, computed fog = 2.8041.

The velocity range highlighted in blue (resp. green) is that of the full velocity
coverage of the absorption in the direction of L2SW (resp. in the west of
L1). Note that the two velocity ranges overlap. The dashed red lines show
the uniformity across the eld of the velocities of the narrow Lgbsorption
troughsav S 550 and 150km$'1. Adapted from Li et al. 2019.

strong scattering of Ly photons. However, an infalling CGM could

contribute to the blue peak asymmetry as seen in the direction of L2 Even more signi cant, this agreement supports the theoretical
andto alesser extent towards L1 and L2SW. The liyes therefore  basis of our size determination of a Cldbsorbing medium, relying
bear the signatures of both out ows and in ows. We show in the next on the turbulent dissipation rate and its scaling with size (Paper ).
section the unique power of combining Clnd Ly spectroscopy  Indeed, this was the original motivation for imaging the lgmission

to get some insight into the CGM gas dynamics on a 50 kpc scale. of SMM J0239% 0136 with the Keck/KCWI.

5 COMPARISON OF THE CH*(1D0) AND LY 5.1.2 In ow signatures
PERSPECTIVES

6 A 9T69829/155¢2/2/90G/3|21e/Seluw/wod dnodjwapese//:sdiy wolj papeojumoq

The range of velocities covered by the Chbsorption lines against
Despite the vast differences between the gas phases emitting and2Sw and L1 is highlighted in blue and green, respectively, in&ig.
absorbing the CH(1-0) and Ly lines, a number of straightforward  All velocities have been computed with respectztg = 2.8041.
and remarkable properties can be inferred from their comparison. Together they cover most of the red side of the lipe. As the CH
absorption is redshifted, the cool molecular gas is in owing towards
the galaxies and is located between the galaxies and the observer.
5.1 The CH" absorptions and Ly asymmetric line shape This diffuse molecular gas necessarily contains a fraction of atomic
hydrogen susceptible to absorb and scatter jajotons, most likely
at the origin of the Ly line asymmetry at the three positions, L1,
The radius inferred for the turbulent reservoir (TR) of diffuse L2, and L2SW.
molecular gas traced by CK1-0) absorption depends linearly on This same velocity range is also highlighted in blue and green
the duration of the starburst phase (equation 3). This radius is drawin the position—velocity cut-off (Fig9). It is very similar to that of
on Fig. 7 for two different valuedsg = 50 Myr and 100 Myr that  the whole southern part of the Lynebula, to which L3 belongs.
bracket the value 66 Myr computed for SMM J028d®1.36 (Section  Unless it is an unlikely coincidence, this means that the bulk of
4) and correspond to the range inferred from the statistical studieshe imaged Ly nebula is in owing towards the galaxies because
of SMGs (e.g. Tacconi et 22008. These time-scales are uncertain, its velocity (and velocity dispersion) is the same as that of the gas
partly because of the unknown IMF in starburst galaxies (Zhang et alcausing the redshifted CH1-0) absorption. This redshifted gas,
2018. However, the broad agreement between the projected exterin owing towards the galaxies, scatters the Lghotons back towards
of the bright core of the Ly nebula and that of the TR is remarkable. the galaxies, and contributes to the weakening of the observed red
This agreement suggests that the CGM is (at least) biphase with aide of the Ly line.

5.1.1 Radius of the halo of diffuse molecular gas

cool molecular phase of low density(< 10°cm®3) andT 102K Remarkably, the Ly absorption trough at 150 km §1 falls at
contributing 3.5x 10*°M (Table 2). The warm phase &af the same velocity as the CHabsorption common to both L1 and
10°K, the Ly emitter, is possibly fully ionized. L2SW sight lines (Fig8). It thus likely corresponds to in owing
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