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The physical and chemical properties of the circumgalactic medium (CGM) at z & 6 have

been studied successfully through the absorption in the spectra of background Quasi-Stellar

Objects (QSOs) 1–3. One of the most crucial questions is to investigate the nature and loca-

tion of the source galaxies that give rise to these early metal absorbers4–6. Theoretical models

suggest that momentum-driven outflows from typical star-forming galaxies can eject metals

into the CGM and the intergalactic medium (IGM), with the projected separation between

absorbers and galaxies expected to range from 5 to 50 proper kpc at z=5–6 7–10. Deep, dedi-

cated surveys have searched for Lyα emission associated with strong CIV absorbers at z ≈ 6,

but only a few Lyα emitter candidates have been detected. Interpreting these detections is

moreover ambiguous because Lyα is a resonant line11–13, raising the need for complementary

techniques for detecting absorbers’ host galaxies. Here, using Atacama Large Millimeter

Array (ALMA), we report, for the first time, the [C II] 158µm emission and the far-infrared

dust continuum associated with a strong low-ionization absorber, O I, at z = 5.978. The [C II]

luminosity is 73 million solar luminosities, corresponding to a dark matter halo mass of 100

billion solar masses. This is one to two orders of magnitude more massive than typical values

predicted from cosmological simulations9, 16.
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Metal absorption systems (e.g., O I, C IV, and Mg II) are powerful probes of the enrichment

of the high-redshift intergalactic medium (IGM) 1–3. Because the first excitation energies of O I

and neutral hydrogen are almost identical, O I is considered one of the best indicators to trace the

metal enrichment and the neutral IGM close to the reionization epoch14, 15. Cosmological simu-

lations suggest that at z = 5 − 6, feedback from typical star-forming galaxies can eject metals

such as oxygen up to 50 proper kpc, corresponding to projected separations of ≈ 9′′ 8–10. Thus,

measurements of the impact parameters and the star formation rates (SFRs) of the source galaxies

can strongly constrain the efficiency of galactic winds in transporting metals and then test differ-

ent feedback models 16. Here we show our ALMA band-6 observations centered on one of the

strongest O I absorber at z = 5.978 toward QSO J2054−0005. The absorber has a rest-frame

equivalent width (REW) of 0.12Å 17, corresponding to the best-fit column density of 1014.2 cm−2

in the small optical depths regime (ref.16). The source galaxy we detected has a [C II] luminosity

of 73 million solar luminosities, one to two orders of magnitude brighter than typical luminosities

predicted by cosmological simulations9, 16, 18–20.

The [C II] pseudo-narrow band image shown in Fig. 1a is constructed by collapsing the emis-

sion line channels from the [C II] data cube. At the redshift of the O I absorber, an emission line

is detected at 6-σ significance which we interpret as [C II] emission from a galaxy at the O I ab-

sorber’s redshift. We refer this [C II] emitter as [C II]2054 in the following. We show the spectrum

of [C II]2054 in the bottom-right panel of Fig. 1. The yellow shaded region represents the collapsed

channels. The velocity-integrated [C II] flux density is measured to be 0.078 ± 0.013 Jy km s−1.

From the pseudo-narrow band image, the projected impact parameter between [C II]2054 and the
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O I absorber is 3.5′′ , corresponding to 20.0 proper kpc (pkpc) at z = 5.978. Throughout this paper

we use ΩΛ = 0.7, ΩM = 0.3 and H0 = 70 km s−1 Mpc−1.

Other than QSO J2054, in the far-infrared dust-continuum image (Fig. 1b), we detect another

five continuum targets with signal-to-noise ratio above five. The archival Hubble Space Telescope

(HST) broad-band data have been used to estimate their photometric redshifts 21. All of these

galaxies are securely identified as foreground sources which do not associate with the O I absorber

at z = 6 (color selection shown in Methods).

The [C II] 158-µm fine structure line emission is the dominant cooling line in the interstellar

medium, and it is almost unaffected by dust attenuation22, 23. ALMA allows us to use [C II] to

probe the physical conditions of the gas in galaxies, and quantify the star formation rate (SFR) of

the galaxy in the post-reionzation epoch24. The velocity-integrated [C II] luminosity of [C II]2054

is estimated to L[CII] = (7.3± 1.2)× 107L⊙
25, corresponding to a [C II]-based SFR (SFR[CII]) of

≈ 5.7±1.1M⊙ yr−1 (ref. 26). No submillimeter continuum is detected at the position of [C II]2054,

yielding a 3-σ upper limit of 39 µJy. Converting this luminosity to a total infrared SFR (SFRTIR)

yields the upper limit SFRTIR < 5.2 M⊙ yr−1 (ref. 27). The derived stellar mass of [C II]2054 is

estimated to be 4.2 × 108M⊙, and the halo mass is estimated to be 9.1 × 1010 M⊙ (with 0.3 dex

systematic uncertainty in both of the conversions)29 (see Methods).

To constrain models of IGM metal enrichment at the end of reionization, we compare our

observed impact parameter against predictions from the Illustris, Sherwood, HVEL, and FAST cos-

mological hydrodynamic simulations16, 18–20. As mentioned above, the O I absorber has a REW of
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0.12Å, and the measured projected impact parameter is 20.0 pkpc (Fig. 1c). Broadly, simulations

predict that metal line absorbers with REW of 0.12 ± 0.05 Å arise at impact parameters of 5–30

pkpc, bracketing our measurement. Specifically, in Fig. 2 (left panel), we show the comparison of

our data with the Illustris simulation16. The comparisons with other simulations are also shown in

extended Fig. 3 in Methods. In this panel, the red star shows our observations, while other points

are from the Illustris simulation. The simulation is able to predict our observed impact parameter,

and has demonstrated that galaxies similar to [C II]2054 are able to enrich the IGM at distances of

& 20 pkpc. Nevertheless, one should also note that 11.1% of the data points in the simulation have

a similar or larger impact parameter than that of [C II]2054. Thus, the O I absorber associated with

[C II]2054 arises at a somewhat larger distance from its host galaxy than that would be expected

from hydrodynamical simulations.

Other than the projected impact parameter, different simulations also have clear predictions

of the SFR, stellar mass, or halo mass of the source galaxies. For a direct comparison of the

models, we need to derive the stellar or halo mass of [C II]2054 based on SFR. As we mentioned

above, [C II]2054 has a stellar mass of 4.2× 108 M⊙ and a halo mass of 9.1× 1010 M⊙. Different

simulations, including Illustris, Sherwood, HVEL, and FAST simulations, directly investigated the

halo mass distribution for O I absorbers with column densities of NOI > 1014 cm−2 at z = 6. They

find that O I absorbers with REW in the range 0.12 ± 0.05 Å at z = 6 are typically embedded in

109−10 M⊙ halos 9, 16. This value is one to two orders of magnitude smaller than that implied by

our observations. Thus our results suggest that low-mass systems in these simulations are likely to

be overly efficient at producing metal absorbers.
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A caveat to this result stems from the fact that the analysis of these simulations identified

each metal absorber with its nearest halo. In reality, the nearest halo may not necessarily to be

the true source of an absorber because a halo that is slightly more distant but significantly more

massive may contribute more of its metals. This consideration indicates the need for an alternative

framework for quantifying the galaxy-absorber relationship that can circumvent this ambiguity.

Recently, a set of Technicolor Dawn simulations have been developed, aiming to enable

a detailed study of the metal enrichment of galaxies in the reionization epoch 10. This set of

simulations incorporates realistic small-scale UV background fluctuations and reproduces a broad

range of observations of reionization and early galaxy growth 10. They simultaneously reproduce

observations of the galaxy stellar mass function, the Si IV column density distribution, and the

UVB amplitude at z > 5. Hence, the galaxy populations and their metallicity of the circumgalactic

medium (CGM) are realistic.

Our discovery of [C II]2054 is not expected from the Technicolor Dawn simulations. In Fig. 2

(right panel), we show how the number of galaxies that cluster about strong O I absorbers at z = 6

is predicted to vary with [C II]-based SFR. The solid and dashed curves are generated by compiling

catalogs of all galaxies that fall within 50 or 100 pkpc from strong O I absorbers, respectively. The

strong O I absorbers have rest-frame equivalent widths of REW > 0.12Å (NOI > 1014.2cm−2). The

SFR on the lower x-axis is the 100-Myr average for physically-associated galaxies, while the top

x-axis converts this SFR to L[CII]
26. We plot [C II]2054’s SFR in this panel using red square with

error bar. Consistent with previous simulations 8, 9, Technicolor Dawn simulations predict that the
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characteristic luminosity of physically-associated [C II] emitters should be roughly two orders of

magnitude lower in L[CII] than [C II]2054; that is, far fewer than one such galaxy is predicted to lie

within the area probed by our ALMA observation.

While Fig. 2 suggests that our observation is largely unexpected, we note that the cosmolog-

ical volume of Technicolor Dawn simulations remains relatively small to contain a representative

population of bright galaxies (MUV < −20)10. Nonetheless, a fair quantitative comparison can

still be conducted. We further quantify the discrepency between simulations and observations by

re-casting the observations as a constraint on the galaxy-absorber cross-correlation function. Based

on the [C II] luminosity function at this redshift 30, the mean space density of galaxies at z = 5.9

with the SFR≥ 5.7M⊙ yr−1 is 0.0144 cMpc−3. A sphere of radius 20 pkpc containing one such

galaxy has a mean overdensity of ∆ = 6.042×103. Our observations therefore confirm that bright

galaxies and strong absorbers correlate strongly 6, 10. We quantify this correlation using the galaxy-

absorber cross-correlation function ξ(r) = (r/r0)
−γ , which expresses the fractional excess number

density of galaxies located at a distance r from an absorber in terms of the correlation length r0

and a power-law slope γ.

In Fig. 3, we use solid red curves to show combinations of r0 and γ that predict an average

of one galaxy within 20.0 pkpc of an absorber at z = 5.9. Shaped points indicate cross-correlation

functions directly predicted by Technicolor Dawn for galaxies clustered about synthetic OI ab-

sorbers with REW ≥ 0.12Å. As galaxies with SFR≥ 5.7M⊙ yr−1 are too rare to arise in the

current simulation volume, we consider three lower SFR thresholds (see the legend). In all cases,
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the predicted r0 is ∼ 10× too low to explain the observation. Moreover, while r0 does increase

with SFR threshold 10, the trend is not nearly strong enough to explain the discrepancy.

[C II]2054 may be explained if its SFR were overestimated because faint galaxies are more

abundant than bright ones. For example, it could be undergoing a temporary starburst. Alter-

natively, a strong intervening gravitational lens could boost its flux. To evaluate whether these

possibilities would be sufficient to explain our observations, we use dashed and dotted curves to

plot combinations of r0 and γ that would explain [C II]2054 if its true SFR were ten and 100 times

lower, respectively. Even in these cases, the simulation underpredicts r0 by a factor of 10.

In summary, our first ALMA detection of a [C II] emitter associated with a reionization-

epoch O I absorber is more than one to two orders of magnitude higher in [C II] luminosity than

expected from hydrodynamical simulations. Casting this observation as a constraint on the galaxy-

absorber cross-correlation function suggests that the correlation length predicted by Technicolor

Dawn is ∼ 10× too low. These observations could indicate that low-mass galaxies are too efficient

at creating and/or expelling metals in hydrodynamical simulations, or that our ALMA observations

lead us to overestimate the underlying SFR of [C II]2054. Future surveys will be needed to test

conclusively whether bright galaxies are more common about strong O I absorbers than expected

from current theoretical models, as currently suggested by our data. Meanwhile, testing the strong

prediction that many faint galaxies should exist in the vicinity of our O I absorber will require a

much deeper survey using the James Weber Space Telescope (JWST).
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Fig. 1. ALMA observations. a, Integrated [C II] pseudo-narrowband image. The outer contour is

at 3σ level, with contours in steps of 1-σ. The 1-σ is 1.76 × 10−2Jy beam−1 km s−1, calculated

using the pixel-to-pixel standard deviation. The QSO is detected in the continuum-subtracted

image because of a water line at this frequency. b, 263.987 GHz continuum map. Contours are

drawn at [3, 4, 5]×σ. In this map, the 1-σ noise is 12.6 µJy beam−1. Six continuum sources within

20′′ can be seen. C4 is the QSO J2054. c, Zoom-in [C II] pseudo-narrow band image. The sizes of

the synthesized beams are plotted in the bottom-left of these panel. d, Spectrum of [C II]2054. The

darked dashed line shows the 1-σ rms noise. The narrow-band [C II] image is collapsed based on

the emission range shown by the yellow-shaded region. The velocity is relative to the O I redshift

z = 5.978. The darkgreen line shows a double Gaussian model fit to the data. The integral [C II]

flux is 0.078± 0.013 Jy km s−1.
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tween projected impact parameter and halo mass of strong O I absorbers in the Illustris simulation16.

The O I absorbers have the rest-frame equivalent width of 0.12± 0.05 Å (consistent with observa-

tions). Red star represents [C II]2054. Left Bottom: Red arrow shows that the host halo mass of

[C II]2054 is larger than one order of magnitude than the median value predicted by Illustris simu-

lations. Right: The number of galaxies that cluster about strong O I absorbers at z = 6 is predicted

to vary with SFR (y-axis is arbitrary). The solid and dashed curves are biased star formation rate

functions 10. They are generated by accumulating catalogs of all galaxies that fall within 50 or 100

pkpc of O I absorbers with REW > 0.12Å (NO I > 1014.2cm−2). The predicted luminosity of O I

associated [C II] emitter is roughly two orders of magnitude fainter than [C II]2054.
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REW ≥ 0.12Å. The solid, dashed and dotted line shows that predict an average of one galaxy

of SFR ≥ 5, 0.5 and 0.05 M⊙/yr, within 20.0 pkpc of an absorber at z = 5.9, respectively.

Comparing with shaped dots, the predicted r0 is ∼ 10× too low to explain the observations.
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ALMA continuum image
Source name S264

a fluxerr S/N
(mJy) (mJy)

C1 0.25 0.03 8
C2 0.15 0.05 5
C3 0.31 0.05 6

J2054 3.34 0.04 84
C5 0.13 0.025 5
C6 0.08 0.01 6

[C ii] pseudo-narrowband map
Source name flux[C ii] fluxerr S/N

(Jy kms−1) (Jy kms−1)
[C ii]2054 0.078 0.013 6

HST observations
Source nameb F606W(V) F814W(I) F105W(Y) F125W(J) F160W(H)

C1-1 28.95 ± 0.54 27.74 ± 0.28 27.48 ± 0.11 27.09 ± 0.04 26.61 ± 0.03
C1-2 28.43 ± 0.34 27.30 ± 0.19 26.42 ± 0.04 25.92 ± 0.01 25.57 ± 0.01
C1-3 27.91 ± 0.21 27.54 ± 0.23 26.47 ± 0.04 25.80 ± 0.01 25.35 ± 0.01
C2 −

c
−

c 25.98 ± 0.03 25.62 ± 0.01 25.21 ± 0.01
C3-1 28.13 ± 0.25 27.40 ± 0.20 26.65 ± 0.05 26.30 ± 0.02 26.04 ± 0.02
C3-2 25.15 ± 0.02 24.63 ± 0.02 24.44 ± 0.01 24.421 ± 0.004 24.275 ± 0.004
C3-3 28.22 ± 0.28 27.39 ± 0.20 26.69 ± 0.05 26.31 ± 0.02 26.00 ± 0.02
J2054 26.75 ± 0.07 22.255 ± 0.002 21.517 ± 0.001 21.441 ± 0.001 21.248 ± 0.001
C5-1 27.53 ± 0.15 26.92 ± 0.13 26.63 ± 0.05 26.66 ± 0.03 26.49 ± 0.03
C5-2 28.26 ± 0.29 27.00 ± 0.14 26.67 ± 0.05 26.69 ± 0.03 26.65 ± 0.03
C5-3 28.95 ± 0.54 28.33 ± 0.48 27.69 ± 0.13 27.51 ± 0.06 26.92 ± 0.04
C6 27.27 ± 0.12 26.48 ± 0.09 25.30 ± 0.01 24.83 ± 0.01 24.48 ± 0.01

a Continuum flux density at 264 GHz
b HST resolves these sources as multi targets. We number the resolved sources from 1 to 3.
c C2 is located in the gap of two CCD chips. Therefore, C2 does not have these magnitudes.

Table 1. Photometric Results of sources in J2054 field. In our ALMA observations, for each

source, 2-σ contour areas are regarded as emission regions. We use these emission regions as

the photometric aperture for resolved sources, while for unresolved sources, the peak surface

brightness represents the total flux. For HST observations, we used a uniform aperture with

0.3′′ diameter.
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Methods

Cosmology. In this paper, we assume a flat cosmological model with ΩM = 0.3,Ωλ = 0.7 and

H0 = 70 km s−1 Mpc−1. In this cosmology, at z = 5.978, 1′′ corresponds to approximately 5.7

kpc.

ALMA observations and data reduction. There are a few advantages of using ALMA to probe

the source galaxies associated with OI absorber at z ≈ 6. Firstly, the sub-mm [C II] 158µm line

is one of the strongest far-infrared lines from galaxies 22, 23. Secondly, the background QSO is

less dominant in emission at sub-millimeter regime. Thirdly, at this redshift, [C II] emission is

shifted within ALMA band-6, which has a high throughput and is thus efficient for emission line

detections. Finally, cosmological simulations suggest that O I absorbers have a relatively small

halo, with predicted impact parameters less than 10′′ , perfectly within the ALMA field of view16.

The ALMA observations used four 1.875 GHz spectral windows (SPWs). Each SPW was

divided into 43 channels. Two of the SPWs were centered on the [C II] emission at the redshift

of O I absorber and QSO respectively. The remaining two SPWs were used to obtain a contin-

uum image of the field. The on-source time was 2.8 hours. Data were reduced with the ALMA

pipeline, which is part of the Common Astronomy Software Application (CASA)28. The flux scale

was calibrated by observing J2148+0657, whereas the phase stability was checked by observing

J2101+0341. Absolute flux uncertainties are expected to be less than 10%.

The final data cubes and continuum images were obtained using natural weighting in order

to maximize sensitivity. This resulted in a beam size of 1.2′′ ×1.0 ′′ and a 1-σ background standard
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deviation of 12.6 µJy beam−1 for the continuum image. A pseudo-narrow band image was also

generated centered on the redshifted [C II] emission line. For the pseudo-narrow band image, the

emission line channels were collapsed resulting in a beam size of 1.2′′ ×0.9′′ and a 1-σ sensitivity

of 1.764 × 10−2Jy beam−1 km s−1. For each source, 2-σ contour areas are regarded as emission

regions. We use these emission regions as the photometric aperture for resolved sources, while for

unresolved sources, the peak surface brightness represents the total flux. The photometry results

are shown in Table 1.

HST Broadband Imaging. For the field surrounding QSO J2054−0005, the HST archival database

has two optical observations F606W(V) and F814W(I) 21 and three near-infrared broadband images

F105W(Y), F125W(J) and F160W(H) (PID: 15064, PI: Caitlin Casey). These broad filter images

are used to estimate the photometric redshifts of targets in this field through the use of the Lyman

break drop-out technique 29. Galaxies at z ≈ 6 are expected to drop out of the F606W filter. We

have remeasured the photometry of the galaxies using SExtractor 30 with a uniform 0.3′′ diameter

aperture. Table 1 shows the HST-broadband photometric results of all the ALMA-detected contin-

uum sources. Extended Data Fig. 1 shows the five broadband observations.

[C II] luminosity, SFR and halo mass estimation The velocity-integrated [C II] flux density is

measured to be 0.078± 0.013 Jy km s−1, corresponding to a luminosity of L[C II] = (7.3± 1.2)×

107L⊙. L[C II]/L⊙ = 1.04× 10−3S∆vν0(1 + z)−1D2
L

25, ν0 = 1900.5369GHz is the rest frame

[C II] line frequency, S∆v is the integrated line flux in Jy km s−1, and DL is the luminosity distance

in Mpc. [C II]-based SFR, SFR[CII] ≈ 5.7± 1.1M⊙ yr−1 (logSFR = −8.52+ 1.18× logL[C II]
26).

To obtain the estimated halo mass, firstly, we estimate the SFR[C II] using Equation 17 of ref. 26
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(with 0.3 dex uncertainty). Moreover, we assume that the [C II]- and UV-based SFR are consistent

with each other to derive the stellar mass based on SFR[C II]. Using the empirical relation of ref.28,

the predicted stellar mass of [C II]2054 is 4.2 × 108 M⊙, with 0.3 dex uncertainty. Further, we

estimate the halo mass of this absorber based on Equation 1 of ref.29. The predicted halo mass is

about 9.1× 1010M⊙ (with 0.3 dex uncertainty).

[C II]2054 continuum properties. No continuum was detected at the position of [C II]2054, re-

sulting in a 3-σ upper limit of 39 µJy beam−1. To convert this continuum flux to a total infrared

luminosity (TIR; 8-1000µm), we estimate the TIR luminosity by fitting a modified blackbody (i.e.,

Sν ∼ νβ/(exp(hν/kTdust) − 1)) to this single upper limit. We assume [C II]2054 has the same

continuum properties as a typical Lyman break galaxy at this redshift, therefore we adopt a dust

temperature of Tdust = 33K and emissivity index of β = 1.6 31. This results in a 3-σ upper

limit of LTIR of 3.5 × 1010 L⊙. Converting this luminosity to a SFR estimate, SFRTIR, yields

SFRTIR < 5.2 M⊙ yr−1 27.

[C II]2054 also was not detected in any of the HST broadband imaging (Extended Data

Fig. 1). From the HST imaging, we determine a 3-σ upper limit of the UV continuum at the

position of [C II]2054 of 3.413×1044 erg s−1 (F105W band). This corresponding to an upper limit

of the UV-based SFR of SFRUV < 15 M⊙ yr−1.

Continuum sources. There are five HST broad-band observations in this field (F606W(V), F814W(I),

F105W(Y), F125W(J), F160W(H)), the photometric results for each source are tabulated in Ta-

ble 1. To constrain the photometric redshifts of these continuum sources, we use color-color
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diagrams as shown in Extended Data Fig. 2, and compare the colors of the galaxies with those

colors of simulated galaxies. In the HST image (Extended Data Fig. 1), C1, C3, C5 are resolved

as multiple targets. Therefore, we plot the colors of these multiple sources individually.

For the model galaxies, we use a general star-forming galaxies approach 32. Model spectra

of different galaxies at different redshifts are generated from the models presented in BC03 33. For

the galaxy models, we take the metallicity to be Z = 0.02Z⊙, with an age of 25 Myr, and we

assume a Salpeter initial mass function. We further assume a constant SFR of 1 M⊙ yr−1, with an

exponentially declining star formation history with timescales of τSFR = 20 Gyr. To convert these

galaxy templates to colors, we first apply a dust extinction correction 34 with E(B-V) = 0.0− 0.4.

Second, we take into account the IGM absorption correction 35. Then, we convolve the spectral

energy distribution with the transmission curves of the five HST broad band filters to get the colors

of the simulated galaxies. In the left panel of Extended Data Fig. 2, the dark blue dots are the low-

redshift template galaxies with redshift from z = 2.0− 4.0. The red points represent star-forming

galaxies at z = 5.5− 6.5. We use the following criteria to select galaxies at z > 4.

F606W − F814W > 2 (1)

F814W − F105W < 3 (2)

F606W − F814W > 1.5× (F814W − F105W ) + 0.5 (3)

Based on these criteria, we rule out almost all of the continuum sources as high redshift candidates,

except for C1-1 and C5-3. In this panel, C1-1 and C5-3 are not detected in the F606W filter, which

could indicate that they are V-dropout galaxy candidates. In the right panel of Extended Data
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Fig. 2, we further study their color using the F814W, F105W and F125W filters, and the following

criteria to select z ≈ 6 galaxies:

F814W − F105W > 0.2 (4)

F105W − F125W < 0.4 (5)

F814W − F105W > 1.6× (F105W − F125W ) + 0.36 (6)

With these criteria, C1-1 is ruled out. However, C5-3 is located at the boundary of the above

criteria. Therefore, except for C5-3, all the other targets are unlikely to be z ≈ 6 candidates. We

note that the broad band color has a weak redshift constraint (∆z/(1 + z) ∼ 0.2), so that even

if C5-3 was a high redshift galaxy, it would have a small probability to be associated with the

O I absorber. Since C5-3 was not detected in [C II] emission, its corresponding 3-σ [C II]-based

SFR upper limit is SFR[CII] = 1 M⊙ yr−1. The HST observation and ALMA continuum emission

indicate a UV- and TIR-based SFR of both 11M⊙ yr−1, a factor of 10× higher than the 3-σ upper

limit of the [C II]-based SFR. This further rules out that this source is located at z = 5.978.

Comparison between observations and different simulations. We compare the measured im-

pact parameter and the derived halo mass of [C II]2054 and that of other three simulations, i.e.,

Sherwood, HVEL, and FAST simulations. These absorbers are selected with REWs of 0.12 ±

0.05Å. We find that, as the mass of host halo increases, absorbers can be ejected to increasing dis-

tances from the halo. These absorbers are located closest to the host halos with typical masses of

1010M⊙. However, the derived halo mass of [CII]2054 is larger than one order of magnitude than

the median value predicted by all of these simulations. Our results suggest that low-mass systems
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in these simulations are overly efficient at producing metal absorbers.
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Extended Data Fig. 1. High-resolution HST broad-band images for five different filters. These

images are sorted by the filter central wavelength. From left to right, these images are F606W,

F814W, F105W, F125W, and F160W, respectively. The HST photometry is based on apertures

with a 0.3 arcsec diameter, as shown by the green and red circles. The darkred contours (2-4σ)

represent the [C II]-emission region in the ALMA [C II] narrow band image. We find no continuum

emission in this region in all five HST images.
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Extended Data Fig. 2. Color-color diagrams used to select galaxies associated with the O I ab-

sorber. The continuum sources are plotted in blue circles. The red and dark blue dots represent

the color properties of simulated star-forming galaxies at z > 5.5 and z < 4, respectively. Our

star-forming templates are the same as 32. High-redshift selection criteria are based on the distri-

bution of these template galaxies. Left: I − Y vs. V − I two color diagram. In the left panel, we

rule out most continuum sources as high-redshift galaxies, except for C1-1 and C5-3. These two

galaxies have the same color properties as the simulated high redshift galaxies, and are plotted as

a purple and magenta dot. Right: Y − J vs. I − Y two color diagram. In the right panel, we rule

out C1-1 as a high-redshift candidate. However, C5-3 is still consistent with the other simulated

high-redshift galaxies. QSO J2054-0005 is plotted as a blue-violet star.

27



0.5

1.0

1.5

lo
g 1

0(d
/p
kp

c)

Sherwood simulation

9 10 11
log10(Mh/M )

0.0

0.2

pr
ob

ab
ili
ty

    HVEL simulation

(Keating et al. 2016)

9 10 11
log10(Mh/M )

0.5

1.0

1.5    FAST simulation

log
10 (d/pkpc)

9 10 11
log10(Mh/M )

0.0

0.2

probability

Extended Data Fig. 3. .The relationship between the projected impact parameters and halo masses

of strong O I absorbers in different simulations16. In the three top panels, grey dots represent O I

absorbers with the REW of 0.12 ± 0.05 Å (consistent with observations). Meanwhile, Red star

represents [C II]2054. In the bottom panels, Red arrow shows that the host halo mass of [C II]2054

is larger than one order of magnitude than the median value predicted by all of these simulations.

Our observations strongly constrain all of these simulations.
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Figures

Figure 1

ALMA observations. a, Integrated [C II] pseudo-narrowband image. The outer contour is at 3σ level, with
contours in steps of 1-σ. The 1-σ is 1.76 × 10−2Jy beam−1 km s−1, calculated using the pixel-to-pixel
standard deviation. The QSO is detected in the continuum-subtracted image because of a water line at
this frequency. b, 263.987 GHz continuum map. Contours are drawn at [3, 4, 5]×σ. In this map, the 1-σ
noise is 12.6 µJy beam−1. Six continuum sources within 2000 can be seen. C4 is the QSO J2054. c,
Zoom-in [C II] pseudo-narrow band image. The sizes of the synthesized beams are plotted in the bottom-
left of these panel. d, Spectrum of [C II]2054. The darked dashed line shows the 1-σ rms noise. The
narrow-band [C II] image is collapsed based on the emission range shown by the yellow-shaded region.
The velocity is relative to the O I redshift z = 5.978. The darkgreen line shows a double Gaussian model �t
to the data. The integral [C II] �ux is 0.078 ± 0.013 Jy km s−1.



Figure 2

Comparison between simulations and observations. Left Upper: The relationship be tween projected
impact parameter and halo mass of strong O I absorbers in the Illustris simulation16. The O I absorbers
have the rest-frame equivalent width of 0.12 ± 0.05 Å (consistent with observations). Red star represents
[C II]2054. Left Bottom: Red arrow shows that the host halo mass of [C II]2054 is larger than one order of
magnitude than the median value predicted by Illustris simulations. Right: The number of galaxies that
cluster about strong O I absorbers at z = 6 is predicted to vary with SFR (y-axis is arbitrary). The solid and
dashed curves are biased star formation rate functions 10. They are generated by accumulating catalogs
of all galaxies that fall within 50 or 100 pkpc of O I absorbers with REW > 0.12Å (NO I > 1014.2cm−2).
The predicted luminosity of O I associated [C II] emitter is roughly two orders of magnitude fainter than [C
II]2054.



Figure 3

Comparison of cross-correlation function between simulations and observations. We assume the galaxy-
absorber cross-correlation as ξ(r) = (r/r0)−γ. This function expresses the fractional excess number density
of galaxies located at a distance r from an absorber in terms of the correlation length r0 and a power-law
slope γ. Shaped points indicate cross-correlation functions predicted by Technicolor Dawn for galaxies
clustered about synthetic OI absorbers with REW ≥ 0.12Å. The solid, dashed and dotted line shows that
predict an average of one galaxy of SFR ≥ 5, 0.5 and 0.05 M /yr, within 20.0 pkpc of an absorber at z =



5.9, respectively. Comparing with shaped dots, the predicted r0 is  10× too low to explain the
observations.
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