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SUPPLEMENTARY NOTES

To support our analysis and conclusions in the Letter and the Meth-
ods, this supplementary information includes 10 sections with 16 Sup-
plementary Figures and 4 Tables.

We present more details about our observations and data reduction
in Section 1 and analysis of multi-wavelength imaging data in Section
2. The ISM properties are derived in Section 3. Discussions on system-
atic uncertainties associated with our stellar mass and kinematic mod-
elling are presented in Section 4 and 5, respectively. The collisional
ring time scale is estimated in Section 6. Our analysis on a z ∼ 2 ring
galaxy in EAGLE simulations is presented in Section 7. We discuss
alternative origins of R5519 in Section 8. The implied number density
of CRGs at z ∼ 2 is discussed in Section 9 and we provide possible
explanations for the number density evolution of CRGs with redshift in
Section 10.

1 Observations and Data Reduction
1.1 Keck/MOSFIRE Slit Spectroscopy Spectroscopic data from
the MOSFIRE instrument1 were obtained on the Keck 1 telescope on
Mauna Kea on the 13th of February 2017 (Project Code: Z245). We
observed in the K-band with a spectral resolution of R = 3610 (i.e., ve-
locity resolution of σv = 35 km/s). An AB dithering pattern with 1.5
arcsecond length was used. The PA of the slits is 58◦. The total expo-
sure on the mask was 96 minutes. The average seeing was 0.′′8 during
the integration of this particular mask, equivalent to the slit width.

We reduce the data using a similar procedure as our ZFIRE survey2.
In summary, we use the MOSFIRE data reduction pipeline (DRP) for
initial 2D data processing including flat-fielding, spatial rectification,
sky subtraction, and wavelength calibration. The wavelength calibra-
tion is carried out in vacuum using arc and sky lines, with a typical

residual of . 0.1Å. The DRP also generates the associated 2D 1σ spec-
tra that we use for error analysis. An A0V type star is used for telluric
and initial flux calibration. We use our customised code to implement
telluric correction, flux calibration, 1D spectra extraction, and emission
line profile fitting. Because R5519 is an abnormally extended object
that does not follow the overall size distribution of z ∼ 2 ZFOURGE

galaxies3, we derive the slit-loss and flux calibration correction factor
independently in Methods.

The total observed 1D spectrum for R5519 is presented in Sup-
plementary Fig.3. The emission line fitting procedure involves fitting
Gaussian profiles simultaneously to three emission lines: [N II]λ6548,
6583 and Hα (Supplementary Fig.3). The [S II] doublet lines are fitted
as double Gaussians separately. The line profile fitting is conducted
using a χ2 minimisation procedure weighted by the inverse of the vari-
ance spectrum. We derive a Balmer absorption correction on the Hα

emission line based on the weak stellar continuum and find it to be
less than ∼ 1% of the observed flux. We therefore do not correct for
the small Balmer absorption because the uncertainties in aperture and
dust corrections are more than one order of magnitude larger. The red-
shift calculated from the Hα line centroid of the total 1D spectrum is
z = 2.19 (Supplementary Table 3). We achieve a signal-to-noise ratio
(SNR) of 57 on the total flux of the Hα emission line and 15 for the
[N II] line.
1.2 Keck/OSIRIS Integral Field Spectroscopy In order to ob-
tain spatially resolved Hα kinematics, we observed R5519 with the
integral-field instrument OSIRIS4 in laser guide star (LGS) adaptive
optics (AO) mode5 on the Keck I telescope on the 8th of December
2017 (Project Code: W276). A total of 2hrs were available for R5519
including standard stars and overheads.

AO with R5519 was quite challenging because the tip-tilt (TT) star
had an observed magnitude of Rvega ∼ 19 and was 51.′′1 away from the
target, approaching the Keck LGS AO system limit (e.g., the faintest
TT star recorded3 for Keck LGS AO is Rvega ∼ 19.21). We first ac-
quired the TT star and centred it on the OSIRIS 100mas plate in the
narrow band filter Kn2 (spectral coverage: 2.036− 2.141µm, spectral
resolution: ∼ 3000 or velocity resolution of σv = 42 km/s, FOV 4.5 ×
6.4′′). We then pointed to the centre of R5519 by applying the coor-
dinate offset from the TT star to the centre of R5519. The offset from
the TT star to the IFS centre was measured using well-calibrated HST
F125W, F140W, and F160W images from the CANDELS survey6–8

and was accurate to 0.′′06. The final pointing of the OSIRIS field-of-
view (FOV) with respect to the ZFOURGE near-IR images is shown in
Fig.2. The PA of the OSIRIS is 225◦. The weather during the observa-
tion was good, with a natural K-band seeing of ∼ 0.′′7 and an attenua-
tion of . 0.2 mag. We were able to close the AO loop for 5×900s ex-
posures on R5519 including one 900s exposure on a blank sky nearby.
The net exposure on R5519 is therefore 60mins. A Gaussian fitting to

1https://www2.keck.hawaii.edu/optics/lgsao/performance.html
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the point spread function of the TT star yields an average FWHM of
0.′′35, therefore the angular resolution of our AO observation is quoted
as 0.′′35 (3.5 spaxels on the 100mas scale).

Individual exposures are first reduced using the OSIRIS DRP (ver-
sion 4.1.0)4. We use the sky subtraction code9 to scale the one 900s sky
exposure for each of the four exposures. The DRP reassembles the raw
data into a vacuum wavelength-calibrated, sky subtracted 3D datacube.
We verify the OSIRIS wavelength calibration by comparing the wave-
length solution of the DRP with the vacuum wavelength of sky lines10.
We find that DRPv4.1.0 provides a good wavelength solution with an
average residual of . 0.6Å in the Kn2 band.

Since we are mainly concerned about kinematics of Hα emission
lines from the OSIRIS datacube, a first order polynomial function is fit
to the continuum for each spaxel and then subtracted out from each
spaxel. The subtraction of the continuum improves the removal of
lenslet to lenslet variations. To align and coadd the 4 datacubes, we
first manually inspect each datacube for Hα detections. We find a∼4σ

detection of Hα lines averaged on a particular spatial region of 3 by
3 spaxels in the first exposure. We then look for Hα detections in the
same spatial regions and find a slightly lower SNR of ∼4, 3, and 1 in
the other 3 datacubes. We shift the centre of the 3×3 spaxel box by 1-5
spaxels to inspect possible spatial offsets. The SNR of the Hα line in
the box is maximised when the offset of the centre is 0-1 spaxel. We
therefore conclude that the four datacube are spatially aligned within
the error of 3 spaxels, i.e., about the size of the point-spread-function
(PSF) of our AO observations. The final datacube is constructed by
coadding the four datacubes, weighted by the SNR of the Hα line de-
tected in the brightest region. Telluric correction and initial flux cali-
bration are performed on the final datacube by using one A0V standard
star (HIP 26934) observed immediately before the science exposure.

The astrometry of the datacube is determined using the offset posi-
tion from the TT star to the centre of the IFS with the observed position
angle. We then verify the astrometry by comparing the Hα 2D map
with the narrow-band Hα NB209 image.

We manually inspect all spaxels on the final OSIRIS datacube. The
datacube is noise-dominated and most spaxels show no Hα line de-
tection (< 2σ ) (Supplementary Fig.4). The only region that shows a
bona fide (4.4σ ) Hα detection remains the one box region that we use
for aligning the individual exposure. This region spatially matches the
brightest location in the NB209 Hα narrow-band image within 0.′′3.
We also experiment with smoothing and adaptive coadding techniques
on the datacube but with no significant improvement in detecting Hα

lines in any other spatial regions. However, the Hα velocity from the
single OSIRIS region provides a key constraint on the kinematic mod-
elling of R5519. To further check the robustness of the 4.4σ detection,
we use the best-fit velocity field and the NB209 Hα image to simu-
late the OSIRIS observations; we are able to reproduce this detection
(Supplementary Fig.4).

2 Multi-wavelength Imaging Data
2.1 ZFOURGE CATALOGUE IMAGES ZFOURGE targets 3 legacy
fields including an area of 11′×11′ in the COSMOS field11. The sur-
vey provides deep near-IR imaging on the FourStar instrument12 using
five medium-band filters (J1, J2, J3, Hs, Hl) and one broad-band filter
(Ks)13. Ancillary photometric data providing additional 30 passbands
from 0.38µm to 8µm are included in the survey catalogue. Compre-
hensive descriptions on the ZFOURGE data products can be found in the
ZFOURGE survey paper14 and in related publications15–17.

The ZFOURGE 2017 data release provides 32 of the 36 passbands
images from the U band to the Ks band. Some of these passbands
overlap. ZFOURGE catalogue images are fully reduced, calibrated and
interpolated on a pixel grid of 0.′′15. ZFOURGE also provides a super
deep K-band detection image (Kstot ) by combining FourStar/Ks-band

observations with pre-existing K-band images from other catalogues.
The average PSF of the Kstot image is FWHM ∼ 0.′′47. Note that the
far-IR Spitzer/MIPS and Herschel/PACS images exist for R5519 but
are not included in the current ZFOURGE data release. Because of the
large PSF of the far-IR images, the images of R5519 and its neighbour-
ing galaxy G5593 are blended. We do not include the far-IR images in
our current analysis.

The ring structure has the highest contrast in the HST F125W and
F160W IR broad bands. At the spectroscopic redshift of R5519, the
F125W band covers the strong emission line [O II]λ3727, and the
F160W band contains [O III]λ5007 and Hβ emission lines. Note that
because the Hα emission line falls in the middle of the NB209 narrow-
band filter, the NB209 image is effectively a narrow-band image for
the Hα and [N II] lines (Supplementary Fig.3). We refer to the NB209
filter image as the Hα narrow band image. We divide the 32 ZFOURGE

passband images into three wavelength bins that correspond to the rest-
frame FUV, NUV, and optical bands of R5519. We then stack images in
these 3 bins after normalising the counts of the images to 1 and weight-
ing the images by the inverse of the variance. The stacked images are
shown on panel-c of Fig.1.
2.2 PHOTOMETRY ZFOURGE provides the aperture (1.′′2 diame-
ter) and total photometry from 36 passbands, using PSF matched
images14, 18. The PSF matched images are generated by the ZFOURGE

team using a Moffat profile with FWHM of 0.′′9 and β = 0.9[re f .14]. A
FWHM of 0.′′9 matches the poorest image resolution of ground-based
images (e.g., U and G band). The total photometry in the ZFOURGE

catalogue is derived by applying an aperture correction factor (4.02 for
R5519) based on the deep Ks band image profile. The total flux is the
aperture flux multiplied by the correction factor. The same correction
factor is applied to all passbands. This method is robust for most z∼ 2
galaxies. However, R5519 is more extended and asymmetric (Supple-
mentary Fig.2) than a general z∼ 2 galaxy. To be cautious, we remea-
sure the photometry of R5519 based on a 2.′′1 diameter aperture on 32
PSF matched multi-band images. We do not include the 4 MIPS and
PACS images because of their large PSFs may cause contaminations
from G5593. We find that our 2.′′1 diameter aperture photometry and
the ZFOURGE total photometry yield similar constraints on the SED
fitting parameters as described in Section 4 below.

3 ISM properties
3.1 Metallicity: Global Average The global 1D MOSFIRE spec-
trum is extracted using an aperture of diameter D = 2.′′8 (see the total
spectrum in Supplementary Fig.3). The line fluxes for [N II]λ6584,
Hα λ6563, [S II]λ6717,6731 are measured on the global 1D spectrum
and presented in Supplementary Table 3.

We applied two empirical metallicity calibrations to derive the
globally averaged gas-phase oxygen abundance (12 + log(O/H)). We
first use the N2 = log([N II]λ6583/Hα) index calibrated by the PP04N2
method19. The PP04N2 yields 12 + log(O/H) = 8.62± 0.02. The N2 in-
dex is the most commonly used diagnostic at high redshift because the
adjacency of the [N II] and Hα lines makes the measurement efficient
and unaffected by reddening. The PP04N2 method is calibrated based
on local H II regions and does not consider that high-redshift galaxies
may have different ionisation parameter, ISM pressure and prevalence
of shocks to the low-redshift H II regions20, 21. A recent diagnostic util-
ising the ratios of [N II]/[S II] and [N II]/Hα has been proposed (the
D16N2S2 method22). The D16N2S2 method has a similar efficiency
as the PP04N2 method, but is independent of varying ionisation pa-
rameters and the ISM pressure, so is ideal for determining metallicity
in high-redshift galaxies. The metallicity for R5519 is calculated to
be 12 + log(O/H) = 8.92 ± 0.06 based on the D16N2S2 method. The
errors are calculated by propagating the statistical uncertainties of the
flux measurements.
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The metallicity calibration of the PP04N2 method has a 1σ dis-
persion of 0.18 dex19, 23; we therefore do not discuss any system-
atic/statistical discrepancies below this metallicity calibration uncer-
tainty. Note that the D16N2S2 method uses a solar metallicity of 8.77
and the PP04N2 uses a solar metallicity of 8.69, causing a systematic
difference of 0.08 between the two methods. However, the D16N2S2
method yields a metallicity that is 0.3 dex higher, significantly more
than the scatter and the solar metallicity offset of the PP04N2 method.

Based on the PP04N2 method, R5519 has similar metallicity
(within the ∼0.18 dex calibration uncertainty) compared with other
samples of z ∼ 2 star-forming galaxies of similar masses24, 25. How-
ever, based on the D16N2S2 method, R5519 is as metal-enriched as
a z ∼ 0 galaxy of the same mass26. The different conclusions from
these two methods highlight the disadvantage of the PP04N2 method
to account for different ISM conditions. We adopt the metallicity from
the D16N2S2 method because it is more robust against varying ionisa-
tion parameter and the ISM pressure27. However, the accuracy of the
D16N2S2 method might be limited by the SNR of the [SII] lines.
3.2 Metallicity: Spatial Variation The high SNR and good seeing
FWHM of the MOSFIRE spectrum allows us to divide the spectrum
into two independent spatial bins. The spatial apertures, labelled A1
and A2 respectively, are chosen to represent the blue-shifted and red-
shifted velocity components of the Hα emission line (Supplementary
Fig.3). Each aperture has a diameter of D = 1.′′4. The two apertures
are spatially resolved, in that their centres are separated by more than
the average seeing FWHM (∼ 0.′′8) of the observation

The [N II]λ6583/Hα ratios for apertures A1 and A2 are identical to
the global values within statistical errors (Supplementary Table 3). Us-
ing the PP04N2 method, we have 12 + log(O/H) = 8.61 ± 0.02 for A1
and 12 + log(O/H) = 8.58 ± 0.02 for A2, showing no significant differ-
ence. If we use the D16N2S2 calibration, we have 12 + log(O/H) = 8.61
± 0.06 for A1 and 12 + log(O/H) = 8.83± 0.06 for A2. The component
within A1 is 0.2 dex more metal-enriched than the blue component
based on the D16N2S2 method, suggesting possible spatial variations
in metallicity.
3.3 Electron Density The ratio of the [S II]λ6717 and [S II]λ6731
lines is a function of the electron density; the ratio decreases as the
electron density increases. For example, in the very low density (ne
<100 cm−3) environments as found in most local H II regions, the ra-
tio of [S II]λ6717/[S II]λ6731 is ∼1.4; in extremely high density en-
vironments (ne >10000 cm−3) the ratio of [S II]λ6717/[S II]λ6731 is
∼0.44 [ref.28].

In the total aperture spectrum, both the [S II]λ6717,6731 lines are
detected at a SNR of 4.6 and 4.7, respectively (Supplementary Table
3). The global electron density is therefore ne=675+455

−255 cm−3 based on
the relation of ne versus [S II]λ6717/[S II]λ6731 [ref.29].

In aperture A1, the [S II]λ6731 line is well detected at a SNR of
12, with the [S II]λ6717 line being weaker and at a SNR ∼ 2. In aper-
ture A2, the [S II]λ6731 line is not detected (SNR < 1), whereas the
[S II]λ6717 line is detected at a SNR ∼ 9. Based on the 3σ flux limit
of the [S II]λ6717 line in A1 and the [S II]λ6731 line in A2, the elec-
tron density of A1 is estimated to be ne & 5.7 × 103 cm−3 and ne
. 210 cm−3 for A2. However, we caution that the flux limit for the
[S II]λ6731 line in A2 could be contaminated by a sky line. Given
the low SNR of the [S II] lines, we refrain from drawing conclusions
about spatial variations in electron density. Deeper observations on
[S II] lines are required to improve the accuracy of the electron density
measurement and investigate the spatial distributions of ne.

4 Systematic Uncertainties of the Total Stellar Mass
The ZFOURGE catalogue stellar mass is based on the SED fitting

through the FAST fitting code (Methods). We rerun FAST using our
updated aperture photometry and the spectroscopic redshift while keep-

ing other inputs the same as the ZFOURGE catalogue; the updated stel-
lar mass agrees with the catalogue value within 0.1 dex. Lowering the
metallicity (e.g., 0.2-0.5 Z�) does not change the stellar mass signifi-
cantly (within 0.1 dex) but increases the age by a factor of ∼2-3.

To evaluate the robustness of M∗ against different SED fitting pack-
ages, we run alternative SED-fitting codes such as Prospector30

and LE PHARE31. LE PHARE uses a χ2 minimisation algorithm
similar to FAST, whereas Prospector is a new SPS modelling
framework designed to account for a large number of degenerate pa-
rameters that can affect the galaxy SED30. Prospector explores
the parameter space with a Bayesian MCMC approach and includes
Flexible Stellar Population Synthesis models32, variable dust atten-
uation, re-radiation, a nonparametric SFH and self-consistent nebu-
lar emissions33. With a Chabrier34 IMF, LE PHARE returns a stellar
mass of log(M∗/M�)=10.65+0.08

−0.04, whereas Prospector returns a
stellar mass of log(M∗/M�)=10.84+0.07

−0.06 (allowing SFH to vary). We
therefore conclude that the total stellar mass estimation of R5519 is
log(M∗/M�)≈10.8 and robust within the systematic error of 0.2 dex
caused by different SED fitting methods. Applying a most extreme star
formation history (10 Myr burst) will further reduce the lower limit of
the stellar mass by 0.3 dex.

5 Systematic Uncertainties of Kinematic Model Fit-
ting
We test fitting the kinematic data with only a rotation or an ex-

pansion/contraction component. We first keep Vsys at 0 and then test
varying Vsys as a free parameter. For a Vsys = 0 and DOF= 2, we
find that the probability of a rotation-only and expansion/contraction-
only model being consistent with our data is p = 0.07 and p = 0.37,
respectively (Supplementary Fig.7). For a varying Vsys and DOF=
1, the probability of a rotation-only and expansion/contraction-only
model being consistent with our data is p = 0.05 and p = 0.27, re-
spectively (Supplementary Fig.7). In comparison, the probability of
a model with rotation and expansion/contraction (DOF= 1) is p =
0.475 (Supplementary Fig.7). We therefore conclude that a rotation
and expansion/contraction model provides the best-fit to our data; a
rotation-only model is the least consistent with our data, though the
expansion/contraction-only model might still be viable.

We then test the assumption of our PA0 and i by running the model
fits for a range of i and PA0 (Supplementary Fig.8). For a fixed PA0,
the magnitude of both Vrad and Vrot decreases with increasing i. For a
fixed i, the magnitude of Vrot decreases with increasing PA0 whereas
the Vrad increases mildly with increasing PA0. We have the best-fit
PA0 = 28± 10◦ from the ellipse fit. For the purpose of testing the
systematic uncertainty, we use i = 29± 9◦ and PA0 = 28± 10◦. We
randomly choose i and PA0 from the uncertainty range above and rerun
the tilted rotation+expansion/contraction ring model 500 times. The
resulting 1σ scatter caused by the uncertain range of PA0 and i for
Vrad and Vrot is 71 km/s and 70 km/s. This is similar to the order of
uncertainty caused by the measurement error. We note that an expan-
sion/contraction component of our model is significant as long as the
kinematic major axis is not 90◦ off from the photometric major axis.
Deeper, high-spatial resolution IFS observations are required to reduce
the systematic and measurement errors.

For the purpose of demonstrating the limitations of applying exist-
ing high-z kinematic approaches on complicated systems like R5519,
we fit a simple rotating disk model to the MOSFIRE 2D Hα spectrum
using the Heidelberg Emission Line Algorithm (HELA)35, 36. Previous
studies have successfully applied HELA in MOSFIRE 2D spectra to
derive Hα rotation velocities35, 36. Briefly, HELA simulates a 3D dat-
acube of Hα lines, collapses the datacube into a MOSFIRE slit, and
runs an MCMC simulation to determine the best-fit model to the ob-
served Hα 2D spectrum. HELA assumes an arctangent rotation curve37
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and a constant velocity dispersion, as well as an exponential profile for
the radial distribution of Hα . We follow the same procedure as de-
scribed extensively in a previous work36. We limit the inclination angle
to the range of 0−35◦. Supplementary Fig.9 shows the best-fit model
from HELA. The residuals on the Hα image are significantly larger
than other rotating disks at z ∼2 [ref.36]. However, because a smooth
exponential 2D profile for the radial distribution of Hα is assumed in
HELA, it is inconclusive if the residual comes from the deviation from
a smooth Hα profile in R5519 or from an expansion component in the
rotational field38.

To test the self-consistency of our 4.4σ Hα OSIRIS detection,
we use the best-fit kinematics at 5 kpc (fixing PA0 and PA0 = 28◦

and i = 29◦) and the NB209 Hα narrow-band image to simulate our
OSIRIS observation (Supplementary Fig.4). The simulation uses the
NB209 narrow-band Hα image after subtracting a small contribution
from the continuum estimated from the NB119 narrow-band image.
We convert the continuum subtracted NB209 flux into the Hα flux us-
ing the zero-points provided by ZFOURGE. The Hα line centroid is
determined using the velocity field from the best-fit tilted rotating and
expanding/contracting circular ring model; the width of the Hα line
is simulated using a convolution of the instrumental width and beam-
smeared with the AO-corrected spatial resolution of FWHM =0.′′35.
We randomly generate noises using sky spaxels from the observed dat-
acube and run the simulated OSIRIS datacube ∼500 times. We are
able to recover our OSIRIS Hα detection within errors (Supplemen-
tary Fig.4).

6 Collisional Time Scale
In the classic expanding wave scenario of a first ring after the

collision39–41, Rring, Rdisk (outer-edge of the disk), and n carry im-
portant information about the mass ratio (µ=M∗intruder/M∗host ) and the
time elapsed (τc) after the collision. Rring increases linearly with τc and
grows faster for a larger µ . If the collision is recent (τc . 80 Myr) or if
the intruder galaxy is a dwarf (e.g., µ . 0.1), Rdisk and n remain rela-
tively intact compared with the pre-collisional disk of the CRG host42.
For a larger τc, the expanding wave redistributes the disk star and gas
to larger radii, producing a larger Rdisk and smaller n compared with
the pre-collisional disk40. If the R80 we measure is the lower limit for
Rdisk of the pre-collisional disk after the collision, then the R80 and
n of R5519 argue for a not so recent collision and a massive intruder
(τc > 80 Myr and µ > 0.1).

The ratio of Rring and Rdisk provides another constraint on τc and
µ in the context of a first expanding ring. The small ratio (Rring/R80≤
0.48) suggests a very recent (τc < 50 Myr for µ ∼ 0.1 and τc < 20 Myr
for µ ∼ 1) collision40, 42. Note that µ w 0.4 if G5593 is the intruder.
Indeed, the radial and rotational velocities (Vrad, Vrot) and Rring of
R5519 are analogous to the local CRG Arp 147 [ref.43] (Supplementary
Fig.14), implying a similar collisional timescale2 of∼40 Myr. Here we
assume a uniform expansion velocity; the derived timescale is uncertain
by a factor of ∼2 due to the systematic and observational uncertainties
of Vrad. This small τc is inconsistent with the large τc prompted by
Rdisk and n, and the lower limit (>50 Myr) of the stellar age on the
ring.

7 The EAGLE z∼ 2 Ring Galaxy
7.1 Identifying and Analysing the Highest-Redshift Ring Galaxy
in EAGLE Simulations EAGLE is a suite of hydrodynamical simula-
tions that follow the formation and evolution of galaxies and the growth
of black holes in a cosmologically representative large box44, 45. We ex-
ploit these simulations to study the formation and evolution of CRGs
and their properties in a recent work47.

In brief, to identify ring galaxies in EAGLE, we first classify all

the galaxies in the simulations to early-types, late-types and morpho-
logically disturbed (interacting) galaxies based on their flux radial dis-
tributions using their face-on mock ugriz images. In the second step,
we visually inspect the morphologically disturbed galaxies and clas-
sify those that have a ring morphology. The last step is to follow the
evolution history of each CRG candidate over time and see if there
is any satellite(s) that collided with the ring host. Galaxies that have
a ring morphology and have collided in their past with neighbouring
galaxie(s) are deemed CRGs; those that have not interacted with other
satellites are found to host strong bars and are similar to pseudo-rings
at redshift z = 0.

Past observational and theoretical work suggests that in addition
to the rotational velocity of the gas in these systems, CRGs have non-
negligible radial velocities due to the impulse (momentum) caused by
the drop-through interaction of the intruder with the disk of the ring
host. As an additional check to the collisional origin of our sample, we
also study the overall kinematics of the selected CRGs and find those in
agreement with the analytic caustic theory39, 40, 50 in which rings form
from density waves. Because our previous work focuses on the entire
sample of EAGLE CRGs, we do not trace the time evolution of indi-
vidual CRGs at high-z.

The highest-redshift CRG identified in our simulation work47 is at
a redshift of z = 2.23 and is presented in Supplementary Figs.15-16.
Here we analyse the kinematics of this EAGLE CRG in detail. The
gravitational softening length for our simulations is 0.7 kpc at z ∼ 2,
i.e., insufficient to resolve any thin/thick disk components. We use
four “snipshots”46 that have a time resolution of 60 Myr. Snipshots are
snapshots stored at finer time steps. Because of the common storage
limitations in supercomputers, only a small subset of the particle prop-
erties are stored in “snipshots”. In EAGLE, snipshots at z > 2 have
the fine-time resolution of . 100 Myr, whereas snapshots have time
resolution of few hundred Myr46. We define time t=0 Myr as the time
when the ring feature was identified in the snapshot at z = 2.23, this is
an arbitrarily defined time and is not representative of the exact time
when the collision occurred.

In Supplementary Fig.15, we show the radius of the ring as 1D
surface density peak of the star particles. We observe that the radius
of the ring expands from 5, 6.5 to 15 kpc from t = 0,60 Myr to 120
Myr. We tag the gas and star particles that are identified on the ring
formed at t = 0 Myr and follow their positions in subsequent times of
t = 60,120,180 Myr. The particles that make up each ring at these three
timeframes are mostly composed of new particles that do not come
from the ring formed at t = 0 Myr; this is consistent with the ring being
a wave pattern.

In Supplementary Fig.16, we show the circular rotation and radial
velocity of the gas particles at different radii in the z= 2.23 CRG for the
four time sequences used in Supplementary Fig.15. We only consider
the particles that lie within a radius of r = 30 kpc from the centre of the
galaxy and assume a scale height of h = 5 kpc for the disk. In this case,
the radial velocity is calculated for gas particles in the plane of the disk,
where the plane is determined as that perpendicular to the total stellar
spin vector of the galaxy. The radial velocity therefore describes the
instantaneous radially outwards (positive) or inwards (negative) motion
of the gas particles. Note that the instantaneous radial velocity does not
reflect the motion of the density wave.

The large variations in radial velocities at all radii from t = 0 Myr
to t = 120 Myr is likely triggered by the interactions with satellite
galaxies as shown in Supplementary Fig.15. The ring feature is dis-
rupted at a later snipshot (t = 180Myr) due to a second passage of a
satellite galaxy (Supplementary Fig.15). Hence, this ring feature has
a lifespan of less than 180Myr. This is relatively lower than the lifes-
pan of local CRGs where the ring can expand for > 500 Myr to its
maximum radius and to very low surface brightness48. For this EA-
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GLE CRG host, there are three smaller interacting satellites with stel-
lar masses M∗ & 109 M�. The stellar mass ratio between the intruder
satellite galaxy and the ring host is ∼ 0.38. The simulated CRG has
a stellar mass of M∗ = 1.4×1010 M� and is the central galaxy within
the parent halo. The total mass of the halo hosting these galaxies is
M200 = 1.2×1012 M�.
7.2 Comparing the EAGLE CRG with Observations We note that
this EAGLE CRG is not meant to be used as a direct comparison with
R5519. Indeed, this EAGLE CRG has different physical properties
from R5519. For example, in addition to being ∼0.23 times less mas-
sive than R5519, the SFR of the CRG is 3.8 M� yr−1, i.e., ∼10 times
lower than R5519. The factor of ten difference in SFR is an upper
limit considering systematic effects when comparing the UV+IR SFR
in observations with the EAGLE simulations49. The EAGLE CRG has
a significant central bulge that is also absent in R5519.

Despite the differences, R5519 is found from a representative vol-
ume in the early universe that the EAGLE simulations are designed to
match. It is insightful to learn from the simulated galaxy what type of
environment that a z∼ 2 CRG lives in. We see that the dynamically ac-
tive environment at z ∼ 2 causes stellar and gas particles to be tugged
to larger radii, resulting in a somewhat large stellar disk that is not usu-
ally seen in nearby CRGs. The simulated CRG at t = 120 Myr looks
morphologically similar to our observed R5519, both show asymmet-
ric clumpy features on and outside of the ring (Supplementary Fig.2
and Fig.15). Our EAGLE simulations lend an alternative explanation
for the morphology of R5519: it is possible that frequent satellite in-
teractions at high redshift have triggered a short-lived collisional ring
with the outer disk representing either scattered stars from the host and
satellites and/or an on-going accretion from small satellites. Finer-time
resolution snapshots are required in order to make mock observations
for a more quantitative comparison with observations.

Note that in the case of multiple satellite interactions before and af-
ter the formation of the first ring, the analytic estimation for τc from the
classic expanding wave scenario39–42 might not be directly applicable
to R5519 without refinement. Therefore, the aforementioned inconsis-
tency in τc is more a reflection of the inadequacy of the model used to
derive it than a true inconsistency.

The snipshot at t = 180 Myr (Supplementary Fig.15) may look like
it is beginning to form a second ring as predicted by the analytic CRG
theory50, 51. However, a later snipshot at t = 240 Myr (not shown in
Supplementary Fig.15) reveals that the CRG is completely destroyed
(including its nucleus) by the major merger at t = 180 Myr before a
second ring can be definitively identified. This highlights the “hostile”
environment typical at high redshift that can lead to the demise or short
lifetime of CRGs.

8 Discussions on Alternative Origins of R5519
8.1 A gravitationally lensed arc For a scenario that R5519 is a
strong gravitational lensing system, we take the radius of the ring
(0.′′6) as an assumed Einstein radius. We find the total mass enclosed
would be MEin = 0.85− 3.9× 1011 M� for a foreground lens redshift
range of zlens = 0.5− 1.5 within the 3.6− 5 kpc projected radius of
the lens. Note that MEin increases with zlens. For reference, the cur-
rent highest redshift galaxy-scale lens is at z = 1.5 with the source at
z = 3.417[ref.52]. We do not see signatures of this enclosed mass ex-
pressed in stellar light (Supplementary Fig.2), unless the foreground
lens is a dwarf galaxy below the detection limit15 (M∗ < 109 M�) of
ZFOURGE and with an abnormally large mass-to-light ratio. Further-
more, the persistently diffuse emission outside of the ring in multi-
wavelength images is inconsistent with the morphological configura-
tion of a gravitationally lensed arc.
8.2 A regular merger Within the caveats of our kinematic analysis,
our data is consistent with a tilted rotating and expanding/contracting

circular ring model. In the classical models of CRG, the ring is a radi-
ally expanding density wave. However, kinematic confirmation of the
density wave is observationally challenging even for nearby galaxies.
The current kinematic data alone is insufficient to rule out a regular
merger.

A CRG is a special type of a major merger with a drop-through
collision. Only a few percent (∼ 2%) of interacting galaxies are found
to be CRGs53. The observational difference between CRGs and other
common (regular) mergers is that CRGs are geometrically simpler,
characterised by a symmetric ring and a relatively well-preserved disk,
whereas regular mergers are morphologically messier and retain less
information about the pre-disrupted disk39. The prominent ring and the
profile of the stellar light of R5519 is consistent with the definition of
a CRG. Note that the chance of finding regular mergers projected as a
symmetric ring is lower than finding a CRG42. Moreover, in a regular
merger or tidal interaction scenario, the star formation in the central re-
gions of galaxies contributes significantly to the total SFR whereas the
star formation of a CRG usually occurs on the ring54. We do not detect
any significant star formation activities in the central regions of the ring
in R5519. We therefore think that a CRG origin is a more reasonable
explanation for R5519 than a regular merger.
8.3 A secularly evolved ring By secular rings, we mean features
recognised in the classifications of normal galaxies, including nuclear,
inner, and outer rings55. In numerical simulations, such rings tend to be
the product of a slow evolution of the spiral pattern due mainly to the
influence of gravity torques connected to a bar or a massive oval56. The
formation of secular rings is related to internal processes such as Lind-
blad resonances55, 58. Secular rings are generally non-circular in intrin-
sic shape and are commonly found in barred spiral galaxies57, 58, i.e.,
(R)SAB in the revised Hubble classification scheme60. Even though
in the local universe secular rings are more abundant than CRGs55, 59,
the Hubble spiral sequence is not yet fully established at z > 2 [ref.61].
Most galaxies at z > 2 are clumpy, irregular and have small or no bulge
component62.

If R5519 is a secularly evolved ring at z= 2.19, we find two aspects
that are challenging to explain in our current framework of disk galaxy
formation and the origin of the Hubble sequence.

(1) The large disk of diffuse light outside of the ring. Although
the size of the star-forming ring of R5519 is within the range of other
z ∼ 2 Hα rings of secular origin63, the extra diffuse light at large radii
of R5519 is not seen in those z ∼ 2 Hα ring galaxies. From the high-
resolution HST image, the diffuse disk has a rest-frame B band size
of R80 = 11.8 kpc (Table 1 and Supplementary Table 4). The average
outer disk size of the most massive isolated disk galaxy at z ∼ 2 is
R80 = 6.4 kpc (e.g., Fig.3), a factor of 2 smaller than R5519. R5519’s
extended stellar disk is 1.5-2.2 times larger than the Milky Way’s stellar
disk64 (Methods). Such a large extended disk of a secular origin has
not been conclusively reported in observations or simulations at z > 2.
The reason for the lack of Milky Way like large stellar disks at z > 2
is that it takes time to build up angular momentum to sustain such a
large disk. For example, the angular momentum of the accreted gas
onto halos is proportional to the cosmic time65, 66. Recent cosmological
hydrodynamical simulations show that large disks do not show up until
z . 1 [ref.67].

(2) The implied large (∼5 kpc) bar within R5519. As secularly
evolved rings are commonly found in barred spiral galaxies, the 5 kpc
radius of the ring in R5519 implies a large bar of up to 5 kpc in semi-
major axis. Such a large galactic bar at z > 2 has not been reported
in simulations or observations. Barred galaxies are in general rare at
z > 2. The fraction of spiral and barred galaxies decreases with red-
shift and becomes extremely difficult to find at z > 2 [ref.61, 68–72]. It is
true that the lack of z > 2 bars in observations could be caused by the
limited spatial resolution and the depth of high-redshift galaxy surveys.
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Bars are associated with spiral disks of the Hubble sequence and spirals
are easier to observe than bars. Many high-redshift observations have
pointed out that spiral galaxies themselves do not fully emerge until
z < 2 [ref.61, 71]. For example, there are less than three galaxies that
are observationally confirmed to be spiral galaxies at z > 270, 72 and no
conclusive barred spirals have been observationally confirmed at z > 2
[ref.69, 73].

Cosmological hydrodynamical simulations show that the dynam-
ically active environment at z > 1 is hostile to bar formation68, 69. In
one of our recent work73, we investigate the formation of a barred spi-
ral at z∼ 2 in zoom-in cosmological hydrodynamical simulations. We
find that such a rare barred spiral galaxy (R80 ∼2.5 times smaller and
bar size ∼7 times smaller than R5519) is found in a relatively isolated
environment without companions. Our finding is consistent with pre-
vious studies that bar formation at high redshift is difficult because any
merger or violent gas accretion event would have destroyed the bar68, 69.
This picture is also consistent with the overall evolution of the Hubble
sequence with respect to the evolution of the environment74, 75. If we
interpret R5519 as one of the outliers that formed a bar in the early uni-
verse, then the active group environment it resides in is counterintuitive
to findings in simulations. A collisional ring origin, on the other hand,
can naturally account for the large diffuse disk and does not require the
existence of a large bar in R5519.

Note that non-circular orbits and projection effects can mimic
the impression of an expanding/contracting component in the velocity
field. Modelling of non-circular orbits requires a deeper and more spa-
tially resolved 2D kinematic map than our current data. However, the
projected velocity76 of non-circular velocity is usually much lower than
the expansion/contracting velocity of CRGs. Most nearby CRGs have
large (∼50-200 km/s) expansion velocities43, 77, 78. The large Vrad,5kpc
= 226 ± 90 km/s we derive for R5519 is inconsistent with a secular
ring and more consistent with a collisional ring (e.g., Vrad,5.8kpc = 225
± 8 km/s for Apr 147 [ref.43)].

Finally, a remark on using kinematics to distinguish a CRG from
a regular merger and an isolated disk. In the post-collisional disk of
a CRG, the departure of the 2D kinematic field from an isolated pure
rotational disk is a function of the time elapsed from the collision54.
We caution that very deep IFS observations and careful modelling are
required to distinguish the 2D kinematic field from a post-collisional
CRG disk, an isolated rotation-only disk, and a rotation-only disk that
is being tidally perturbed. Our preferred interpretation of R5519 being
a CRG is based on a combined evidence of kinematical, environmental,
and photometric analysis. We urge follow-up observations to further
verify/falsify our interpretations.

9 The Implied Number Density of CRG at z∼ 2
The co-moving volume of our observation is 1.1×106 cMpc3 based

on the survey area of the ZFOURGE COSMOS field (11×11 arcmin2

) and the redshift range (zp = 1.8− 2.5). The EAGLE simulations47

cover a similar co-moving volume of (100)3 cMpc3. Both our ob-
servation and the EAGLE simulations find only one collisional ring
galaxy candidate at z > 1.8, implying a co-moving volume density (nc)
of ∼9×10−7 cMpc−3 or a volume number density rate of ∼2×10−6

cMpc−3 Gyr−1 at z∼ 2.
We consider the following selection effects that can affect the ob-

served volume number density nc estimated above.
(1) The ZFOURGE survey is complete14 to stellar mass M∗ >

109.5M� at z ∼ 2 and our morphological identification is robust to
galaxies that have R80 & 4 kpc. Our estimation of nc will miss CRGs
of small ring sizes or low-mass hosts. However, assuming that the ring
size distribution of CRGs does not evolve with redshift, the missing
fraction of small rings are ∼10%. For example, the median ring radius
of local CRGs is 15-20 kpc and less than ∼12% of local CRGs have

ring radius less than 4 kpc53.

(2) We use the 3D-HST F160W band image for morphological
identifications. The 5σ limiting magnitude14 of the F160W image is
26.4 mag. Rings with surface brightness lower than this detection limit
will be missed in our search.

To demonstrate this effect, we simulate what Arp 147 and the
Cartwheel galaxy would look like at z = 2.19 in the HST F160W band
for our current observational depth. Our simulation follows the stan-
dard red-shifting methodology79 that considers the cosmological angu-
lar size evolution, surface brightness dimming and K-correction. We
do not apply any intrinsic evolution in galaxy sizes. We then resample
and convolve the redshifted images to match the HST F160W pixel size
and PSF. We use B band images at z∼ 0 for the simulation to minimise
the K-correction (HST F160W corresponds to rest-frame B/V band at
z≈ 2). The B-band images are taken from the local CRG sample42 for
Arp 147 and the HST archive for the Cartwheel.

The simulated images of Arp 147 and the Cartwheel are shown in
Supplementary Fig.14. For comparison, the observed image of R5519
in the same F160W band are zoomed-in to match the same field of
view as the simulated images. By simply placing Arp 147 and the
Cartwheel at z = 2.19, neither of them would be detected in our ob-
servations. However, if we manually increase the intrinsic rest-frame
B-band luminosity (LB) by a similar factor (∼4-8) as the increased SFR
of R5519 at z ∼ 2, the average surface brightness of both systems will
be above a 5σ detection limit.

Note that the ΣSFR of R5519 is ∼4 times higher than Arp 147,
∼ 8 times higher than the first ring of the Cartwheel and ∼50 times
brighter than the secondary ring of Cartwheel. Our assumed intrinsic
luminosity evolution of CRGs in the simulations is consistent with z∼
2 SF galaxies having a higher SFR (and thus being brighter in the rest-
frame B band) than local galaxies. For example, based on the empirical
relation between SFR and LB

80, 81, a 4−8 times rise in SFR corresponds
to an increase of ∼3-5 in LB.

Combining the constraints of (1) and (2), and based on the mass-
size relation at z ∼ 2 [ref.82], we find that a total F160W magnitude
of brighter than 23.9 will allow galaxies to have sufficient number of
bright pixels (equivalent to an area of R80 & 4 kpc) to be detected
above the 5σ limiting magnitude. Assuming that CRG hosts at z ∼ 2
are within the 2σ scatter of the SFR-M∗ “main-sequence” relation,
and based on the empirical relation between the B-band luminosity
and SFR80, 81, we estimate that our observation is complete for z ∼ 2
SF galaxies of stellar masses & 1010M�. Note that the EAGLE ring
simulations47 also select galaxies of M∗ & 1010M� at z∼ 2.

Both our observation and the EAGLE simulations yield a similar
co-moving volume density of nc ∼ 9×10−7 cMpc−3 for CRGs that are
massive (M∗ & 1010M�) and reside within the 2σ scatter of the SFR-
M∗ relation at z∼ 2. Our estimated nc does not account for galaxies that
are 2σ below the “main-sequence” relation at z ∼ 2. However, those
low SFR galaxies are & 100 rarer than “main-sequence” SF galaxies
at at z ∼ 2 [ref.83] and are unlikely to contribute significantly to our
estimated nc.

We do note that our observations will miss low-mass (M∗ .
1010M�) galaxies at z ∼ 2. Our observed number density of massive
CRGs at z ∼2 is a factor of ∼ 140 less than what is expected from the
previous (1+ z)4.5 scaling relation with the cosmic merger rate85. Us-
ing a more recent cosmic merger rate scaling relation (1+ z)2.2−2.5 for
high-mass (M∗ ≥ 1010M�) only galaxies84, the expectation for mas-
sive CRG number density is still a factor of 11-15 larger at z ∼ 2 than
at z∼ 0.

Finally, we estimate that the cosmic variance could contribute to an
additional 10-20% uncertainty in our observed number density86, 87.
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10 Possible Explanation for the Number Density Evo-
lution of CRGs with Redshift

We emphasise that our conclusion on the small number density of
CRGs at z∼ 2 is confined to relatively massive (M∗ ≥ 1010M�) galaxy
hosts (Method, Section 8). It is possible that there are more CRGs at
high redshift that are below current observational limits. Large expan-
sion velocities will cause collisional rings to be short-lived and there-
fore difficult to observe. However, it is unknown if our measured ex-
pansion velocity of R5519 is typical of other CRGs at high redshift.
We speculate two other factors that could lead to the rarity of large
collisional rings at high redshift (z & 2).

Local CRGs are often found in loose groups instead of compact
groups or galaxy clusters53. Even though interaction rates are higher
in dense environments (e.g., clusters), the high velocity dispersions be-
tween cluster members and fly-by interactions can easily destroy the
ring features. The galaxy environment at high redshift is similarly
very active because of the frequent interactions with satellites and high
gas accretion rates74, 84. Our z = 2.23 EAGLE simulated ring is short-
lived (∼200 Myr before it is completely destroyed by another merger)
in this dynamically chaotic high-redshift environment (Supplementary
Fig.15). The short lifetime of the ring could make CRGs appear rare
in observations even though the required collisions happen frequently.
Recent cosmological simulations imply that local-like galaxy groups
do not fully emerge until z . 2 [ref.88]. Observing the number den-
sity of CRGs across cosmic time could therefore provide an alternative
constraint on the assembly and evolution of local-like galaxy groups.

Another factor that could make large CRGs hard to find at high
redshift is related to the properties of the pre-collisional disk. Most
models of nearby collisional ring galaxies assume that the target galaxy
has a large thin stellar disk, i.e., the vertical disk scale length is about
1/10 of the radial scale length40, 41, 89, 90. This assumption is valid for
most spiral galaxies in the local universe. However, the vertical disk
length of z ∼ 2 galaxies can be a factor of ∼8 larger91, as reflected by
their high velocity dispersions63, 92.

Collisional rings and spiral arms share a close connection in the
origin of their structures. Both are considered as a part of the stellar
dynamical orbit crowding process in response to a perturbation gravity
force39, 93, 94. The epicyclic oscillations of perturbed stellar orbits drive
propagating density waves that are sustainable in large thin disks. How-
ever, a heated vertical disk can cause spiral and ring waves to rapidly
die out95, 96. We speculate that the lack of large spiral galaxies and col-
lisional rings might both be related to the late formation time of thin
disks. A large thin disk needs high angular momentum to be stable67.
Cosmological simulations show that massive (M∗ ≥ 1010M�) galaxies
commence the development of their disks between 1 < z < 2 and large,
stable disks are established at only at z . 1 [ref.67, 97]. Galactic Arche-
ology also shows that the thin disk of our Milky Way did not form until
z∼ 1 [ref.98].

Finding the onset of large spiral galaxies remains a major problem
in galaxy formation61 and is one of the keys to unlock the origin of the
Hubble sequence74. Given the different structure of high-redshift disk
galaxies (smaller sizes, more turbulent ISM, more chaotic morphology
and larger disk height), it becomes challenging to visually separate spi-
ral arms from clumpy, irregular disks at high redshift. For this reason,
the earliest formation epoch of spiral galaxies is poorly constrained
in theories and observations70, 72, 74, 99. Large ring galaxies, while rare,
are relatively easy to identify and follow up in detail, thus providing a
unique diagnostic to constrain the onset of thin disks and spiral galax-
ies.
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Supplementary Figure 1 – Fitting ellipses to the ring structure in high-resolution HST images. a, we use the combined
F125W+F140W+F160W HST images from CANDELS6, 7 to quantify the size of the ring. The red cross shows the initial centre of the ring
before the fitting. The image is smoothed by three pixels to increase the signal-to-noise ratio. b, the red ellipses show the best-fit double ellipse
model, with the red solid and red dashed lines denoting the best-fit position angle (PA) and 1σ errors of the model. The black ellipse shows the
best-fit single ellipse model. The cyan dashed line shows the PA of the MOSFIRE slit. For reference, the white dashed line shows the literature
PA from the 3D-HST catalogue based on the Sersic profile model fit to the image100. A scale of 1.′′2 (∼10 kpc) is shown. The details of the
ellipse fit procedure are described in Methods.
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Supplementary Figure 2 – Multi-wavelength morphology of R5519. The images are selected from the ZFOURGE catalogue. North is up and
East is to the left. A scale of 2.′′0 (∼17 kpc) is shown as a horizontal bar on each image. All images have a pixel scale of 0.′′15, except for the
HST F125W, F140W, and F160W images in the first row, where we show the original 3D-HST CANDELS6, 7 images with a pixel scale of 0.′′06.
a-g, the original images selected from the ZFOURGE catalogue. The UBGV stacked image represents the ground-based image in the shortest
wavelength. The HST images (F606W, F814W, F125W, F140W, and F160W) cover both the optical and the near-IR wavelengths. The Kstot
band image represents the ground-based image in the longest wavelength. The PSF of each image is marked as an empty white circle at the
bottom left. h-n,same as the top row, but showing the ZFOURGE PSF convolved images; the images are convolved with a Moffat profile to match
the largest PSF (FWHM ∼ 0.′′9) of the ground-based images. The solid white circles indicate a diameter of 2.′′1 used for the global aperture
photometry. o-q, PSF matched HST F125W, F160W, and ZFOURGE Kstot band images. The white circles show the apertures used to compare
the colours of the postulated “nucleus” (dashed circle) with three regions on the ring (solid circles) (Method). The aperture has a diameter of
0.′′47, equivalent to the PSF of the convolved images.
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Supplementary Figure 3 – Keck/MOSFIRE spectra of R5519. zoomed in on the wavelength vicinity of Hα , [N II], and [S II] lines. a, The 2D
spectrum. Long white boxes indicate the two spatial apertures (A1, A2) used to extract two spatially resolved 1D spectra. The spatial length of
the box is 8 pixels, corresponding to∼ 1.′′4, about twice the seeing of the observations (thus spatially independent). The flux unit of the colour bar
is ergs/s/cm2/Å. b, The total 1D spectrum extracted from the combined aperture of A1 and A2. The blue curve is the filter profile for the FourStar
narrow band NB209. c, The 1D spectrum extracted from aperture A1. d, the 1D spectrum extracted from aperture A2. In all 1D spectra panels,
the data, 1-σ , and best-fit Gaussian profiles are shown in black, green, and red, respectively. Vertical long-dashed/short-dashed/dash-dotted lines
mark the centroids of the best-fit emission lines from the total/A1/A2 aperture.
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Supplementary Figure 4 – The observed OSIRIS Hα 2D image and simulated Hα detection using the best-fit kinematics and the NB209
narrow-band image of R5519. The flux is calculated for per spaxel, i.e., per 0.01 arcsec2. a, OSIRIS Hα 2D map generated by collapsing the
datacube along the wavelength vicinity (20930-21000 Å) of Hα . Most spaxels have no Hα detection (SNR < 1) because of the shallow exposure
time. One spatial region shows a robust Hα detection (blue box, 3 by 3 spaxels; 1 spaxel= 0.′′1). The spatial resolution of our AO observation
is ∼ 0.′′35. b, The OSIRIS 1D spectrum averaged over the spatial region (blue box on the left) that shows a Hα detection (SNR = 4.4). The
data, sky residual and best-fit Gaussian line profile are shown in black, green and red, respectively. Vertical dashed lines indicate the best-fit
Hα wavelength centroid and expected [N II] line centroids. The spatial region of the Hα detected provides a key constraint to the kinematic
modelling of R5519. c, The 2D Hα image from the simulated OSIRIS datacube using the best-fit kinematics and Hα narrow band image. d,
Simulated OSIRIS 1D spectrum averaged over the same spatial region as the observations. The red line on d is an averaged simulated spectrum
from 500 iterations. The blue line shows one random iteration from the simulations. The simulation recovers our Hα detection within errors.

12



Supplementary Table 1 – Ellipse Fit to the Ring Structure

Model (image) Rin Rout ∆R Rring PA i χ2/DOF
kpc kpc kpc kpc ◦ ◦

(1) (2) (3) (4) (5) (6) (7)
R5519

Double Ellipse (F125W+F140W+F160W) 2.7±0.2 6.5±0.2 3.7±0.3 - 28±10 29±5 0.97

Single Ellipse (F125W+F140W+F160W) - - - 5.1±0.4 26±12 29±12 0.54

(1) Best-fit inner semi-major axis for the double ellipse model; (2) Best-fit outer semi-major axis for the double ellipse model; (3) Best-fit width
of the ring from the double ellipse model; (4) Average semi-major axis from a single ellipse fit. (5) Best-fit position angle; (6) Best-fit

inclination angle; (7) reduced χ2.

Supplementary Table 2 – Spatially Resolved Aperture Photometry

Photometric Bands “Nucleus” Ring region 1 Ring region 2 Ring region 3 Ring average

F125W original (FWHM≈ 0.′′26) 26.60±0.07 26.31±0.06 26.08±0.06 26.09±0.06 26.16±0.03
F125W PSF convolved (FWHM≈ 0.′′47) 26.53±0.08 26.30±0.05 26.15±0.05 26.26±0.06 26.23±0.03

F160W original (FWHM≈ 0.′′26) 25.69±0.06 25.73±0.05 25.70±0.05 25.94±0.05 25.79±0.03
F160W PSF convolved (FWHM≈ 0.′′47) 25.72±0.05 25.82±0.05 25.73±0.05 25.96±0.05 25.84±0.03

Kstot (FWHM≈ 0.′′47) 24.86±0.05 25.10±0.05 25.21±0.05 25.58±0.06 25.27±0.03

Colour “Nucleus” Ring average

F125W - F160W (original) 0.91±0.09 0.37±0.04
F125W - F160W (PSF convolved) 0.82±0.10 0.40±0.04
F160W - Kstot (PSF convolved) 0.85±0.07 0.56±0.04

Magnitudes are in AB units. An aperture with a diameter of 0.′′47 is used to measure photometry.

Supplementary Table 3 – MOSFIRE and OSIRIS Emission Line Measurements of R5519

Component zs Line Width fHα f[N II] f[S II]λ6717 f[S II]λ6731 12+log(O/H) 12+log(O/H) ne
km/s 10−17ergs/s/cm2 - - - (PP04N2) (D16S2N2) cm−3

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

MOSFIRE Total 2.19273±0.00002 92±1 5.483±0.106 1.770±0.118 0.441±0.096 0.495±0.105 8.62±0.02 8.92±0.06 675+455
−255

MOSFIRE A1 2.19197±0.00002 64±1 2.917±0.064 0.894±0.078 <0.301 0.800±0.062 8.61±0.02 8.62±0.07 >5700 (3σ limit)

MOSFIRE A2 2.19332±0.00001 29±2 2.177±0.042 0.596±0.053 0.375±0.041 <0.321 8.57±0.02 8.82±0.07 <210 (3σ limit)

OSIRIS 2.1921±0.0003 64±8 0.42±0.122

(1) Spatial components as shown in Supplementary Fig.3; (2) Spectroscopic redshifts calculated from the emission line centroid; (3) Emission
line Gaussian line width converted to units of velocity dispersion in the rest-frame of the galaxy; (4)-(7) Measured emission line fluxes without
aperture or dust correction; (8) Metallicity calculated using the PP04N2 method19; (9) Metallicity calculated using the D16S2N2 method22; (10)
Electron density calculated based on the line ratio of [S II]λ6717 and [S II]λ6731 [ref.29]. 1 Uncertain due to the contamination from an OH sky line. 2 Surface
brightness in units of 10−17ergs/s/cm2/”2.

Supplementary Table 4 – Wavelength and PSF dependence of the measured size of the diffuse light

Observed band (approximate rest-frame band) R50 R80 R95
kpc kpc kpc

Kstot (R), FWHM≈ 0.′′47 6.4±0.3 9.9±0.4 13.5±0.6

F125W+F140W+F160W (B), FWHM≈ 0.′′26 7.6±0.3 11.8±0.3 15.6±0.6

Kstot (R) PSF matched, FWHM≈ 0.′′9 7.7±0.2 11.8±0.2 16.0±0.6

F125W+F140W+F160W (B) PSF matched, FWHM≈ 0.′′9 8.7±0.2 12.8±0.3 16.5±0.6

UBGV stacked (FUV) PSF matched, FWHM≈ 0.′′9 9.7±0.2 13.5±0.1 16.0±0.5

The PSF matched images14 are generated by ZFOURGE using a Moffat profile with FWHM of 0.′′9 and β = 0.9. The rest-frame FUV image is
generated by stacking the PSF matched ZFOURGE ground-based optical (UBGV) images.
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Supplementary Figure 5 – A diagram to illustrate the definitions of
variables in Supplementary Information Equations 1-2. Two per-
pendicular velocity vectors (Vrad, Vrot) on the ring can be converted
to the observed line-of-sight velocity (VLOS,ψ ) as a function of the ob-
served position angle ψo, for inclination angles i 6= 90◦. ψo is defined
on the observed 2D image, counterclockwise from the North. (a), ob-
serving the disk of the ring edge-on (i = 90◦); the face-on view of the
disk is drawn to show the geometry of the expansion velocity (Vrad,
positive if pointing away from the disk centre C), rotation velocity
(Vrot, positive if counter-clockwise from the observed North); Vp,ψ is
the net de-projected 1D velocity on the plane of the disk. Vp,ψ =VLOS,ψ
for an edge-on observation; ψ is the position angle ψ de-projected onto
the plane of the ring; the red circle, blue star, and green diamond repre-
sent 3 data points on the ring. (b), The observed 2D image of (a) . The
ψ for the 3 data points can not be recovered from ψo in this case. (c),
Similar to Panel (a) but with an inclination angle of e.g., i = 29◦. (d),
The observed 2D image of Panel (c); the de-projected ψ can be calcu-
lated from the measured ψo. The correction from ψo to ψ is small for
a relatively small i.

a

b c

Vm2

Vm1

Vm2

Vo

Y

Vm1

Supplementary Figure 6 – Aligning MOSFIRE and OSIRIS obser-
vations on top of the NB209 Hα narrow band image. a, Collaps-
ing the NB209 Hα narrow band flux (black curve) in the direction of
the MOSFIRE slit and cross-correlating with the MOSFIRE Hα spa-
tial flux distribution (light black curve). The best-fit Gaussian profiles
for the NB209 and the MOSFIRE flux distributions are overlaid in blue
dashed and red dashed lines, respectively. The vertical blue and red dot-
dashed lines indicate the centroids (Yc N and Yc M) of the Gaussian
profiles for NB209 and MOSFIRE, respectively. The offset of Yc N
and Yc M determines the spatial centre of the MOSFIRE 2D spectrum.
b, The MOSFIRE slit (vertical blue lines), OSIRIS FOV (white box) on
top of the NB209 Hα image after alignment. We measure the line-of-
sight velocity (V m1, V m2, and V o) for three PAs on the 5 kpc ring
(green cirlce). The white dash-dotted lines on the NB209 image show
the large error range we consider for our PA measurements. The blue
shaded areas show spatial areas where V m1, V m2, and V o are mea-
sured from. c, The MOSFIRE 2D Hα image aligned to b,. The light
blue dashed lines on the MOSFIRE Hα image show the error range of
V m1 and V m2. Given the large errors of the PAs, whether we use the
best-fit ellipse (white ellipses) or a circular ring (green circle) do not
change the measured velocities noticeably.
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Supplementary Figure 7 – Fitting a rotation only or expansion/contraction only model to the data. The three data points and their un-
certainties are the same as Fig.2 in the main text. a, Fixing Vrot at 0 and fitting the expansion/contraction parameters in Supplementary Eq.
1-2. The red short dashed line shows the best-fit expansion/contraction only model. b, Fixing Vrad at 0 and fitting the rotational parameters in
Supplementary Eq. 1-2. The blue dot-dashed line shows the best-fit rotation only model. For a and b, we allow the systematic redshift to vary to
keep DOF = 1. c-d, Similar to a-b, but here we fix the systematic redshift at zero.
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a b

Supplementary Figure 8 – Dependence of the best-fit Vrot and Vrad on the position angle of the kinematic major axis PA0 and inclination
angle i. a, Vrot (blue) and Vrad (red) as a function of i for a fixed PA0=29◦. b, Vrot (blue) and Vrad (red) as a function of PA0 for a fixed i = 29◦.
The dotted red/blue curves on both panels indicate the 1σ statistical errors of the fitting. The shaded region highlights the uncertainty range of i
and PA0 from the ellipse fit to images of R5519, with the vertical dashed lines mark the best-fit values and the vertical dot-dashed lines mark the
1σ statistical errors of the best-fit values.

a b c

Supplementary Figure 9 – Fitting a simple rotating disk to the MOSFIRE Hα 2D spectrum using HELA35, 36. In all panels, the y-
coordinates are in pixel scales in the spatial direction of the MOSFIRE spectrum and the x-coordinates are in wavelength channels of the
spectrum. a, Input Hα 2D spectrum. b, Best-fit rotating disk model from HELA. c, Residual (input data minus the best-fit model).

a b

Supplementary Figure 10 – Spectral energy distribution (SED) fitting to the total photometry using two extreme star formation histories
(SFHs). a, Assuming a constant SFH with emission lines. b, Assuming a 10 Myr truncated starburst with no SF afterwards. Black filled circles:
observational measurements and associated 1σ statistical errors; red filled circles: modelled flux from the best-fit SED template. Blue curves:
best-fit SED models. These two models provide a robust upper and lower limit on the stellar mass and age of R5519.
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Supplementary Figure 11 – The location of R5519 on the M∗-SFR “main-sequence” relation. The best estimates of M∗ and SFR of R5519
(red circle) and its neighbouring galaxy G5593 (red box) are taken from the SED fitting in Table 1. The x-axis errors of R5519 and G5593 are
statistical errors presented in Table 1. The y-axis errors of R5519 and G5593 are not shown but are discussed in detail in Methods. The mean
M∗-SFR relation101, 102 for z ∼ 2 and z ∼ 0.1 galaxies is shown as the dash-dotted and solid line, respectively. The vertical error bar on the top
left corner shows the constant ∼0.3 dex scatter of the M∗-SFR relation independent of redshifts102. We show the positions of the Milky Way, the
nearby CRG Arp 147, and the Cartwheel galaxy for comparison. The data and their associated measurement errors of nearby galaxies and the
Milky Way are literature values43, 103–105.
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Supplementary Figure 12 – Enclosed total luminosity as a function of radius. The y-axis is the normalised total luminosity within a circular
aperture and the x-axis is the projected radius of the aperture. The red, black, and green colours show the measurements on ZFOURGE Kstot , HST
F125W+F140W+F160W, and ZFOURGE stacked rest-frame FUV images, respectively. The solid curves are data measured on the PSF-matched
images (FWHM ∼ 0.′′9), whereas the dashed lines are data measured on the original images (see also Supplementary Table 4). Horizontal dot-
dashed lines indicate the locations where R50, R80 and R95 are calculated. This figure demonstrates the dependence of our measured R50, R80,
and R95 on the image resolution and wavelength.
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Supplementary Figure 13 – Surface brightness along the major axis of the ring. The 1D surface brightness (SB) is measured on the F160W
image along the major axis of the ring ellipse (Supplementary Fig.1). The left-hand side (R<0) corresponds to the North-East side of the slice in
Supplementary Fig.1. Three slices (solid and dashed red lines in Supplementary Fig.1) across the ellipse and along the major axis are averaged
with each datapoint represents one resolution element (∼ 0.′′26) of the image. The error of each datapoint represents the 1σ standard deviation
of the mean. The 1σ image background noise is shown as the horizontal dotted line. The total size of R5519 as measured where the SB drops to
the 1σ noise level is 14-16 kpc, which is consistent with our measured R95 using the circular aperture on the combined F125W+F140W+F160W
HST image (Supplementary Table 4). Vertical red dash-dotted lines show the best-fit inner and outer ring radius (Rin, Rout ) from the the double
ellipse fit in Supplementary Fig.1. Alternatively, Rin and Rout can be measured based on the 1D SB profile (Method). We find Rin=2.1 kpc and
Rout=2.1 kpc, broadly consistent with the 2D double ellipse fit (Supplementary Table 1). The average SB of the outer diffuse disk (Rout=6.7
kpc <R < R95=16 kpc) is ∼0.42 µJy arcsec−2. Changing the baseline of the FWHM to the average SB of the diffuse disk yields a ∼0.5 kpc
increase/decrease in Rin/Rout .
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Supplementary Figure 14 – Simulating the F160W morphology of Arp 147 and Cartwheel at z = 2.19. a, The ground-based B-band image
of a local CRG - Arp 147. b-d, Simulated image of Arp 147 in the HST F160W band for the limiting magnitude of our current observations. b
assumes there is no evolution in the intrinsic properties of Arp 147. c and d assume that the intrinsic rest-frame B-band luminosity is increased
by a factor of 4 and 8, respectively. e, Observed HST F160W image of R5519, zoomed to show the same field of view as Arp 147. f, The HST
B-band image of a local CRG - the Cartwheel galaxy. g-i, Simulated image of Cartwheel in the HST F160W band for the limiting magnitude
of our current observations. g assumes there is no evolution in the intrinsic properties of Cartwheel. h and i assume that the intrinsic rest-frame
B-band luminosity is increased by a factor of 4 and 8, respectively. g, Observed HST F160W image of R5519, zoomed to show the same field of
view as the Cartwheel galaxy.
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Supplementary Figure 15 – The time evolution of a CRG at z = 2.23 from the EAGLE cosmological hydrodynamical simulations47. The
four columns from left to right denote four time “snipshots”46 with respect to an arbitrarily defined ring formation time (t = 0 Myr). “Snipshots”
are defined in the EAGLE simulations as having finer time resolution than snapshots. a-d, A 500×500 kpc view, through the simulation Z−Y
axes, of the large scale environment in 2D centred on the ring host; red-brown = host galaxy stars, blue = satellite halo stars, and grey=gas
particles. e-h, A 50×50kpc zoom-in view of the ring host in 2D, red-brown = young stars with ages < 100 Myr, and grey=gas. i-l, The surface
mass density for star and gas particles (excluding those from the nucleus) at each radius. The location of the ring feature is defined as the peak
of the star particle surface mass density. The green and purple lines show the location of the ring’s star and gas particles identified at t = 0 Myr,
respectively, and the positions of these particles with radius in the subsequent “snipshots”. In a later time “snipshot” at t = 240 Myr (not shown
here), the nucleus of the CRG is found to be broken into two parts after the major merger at t = 180 Myr .
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Supplementary Figure 16 – The circular and radial velocity of the gas particles in the z = 2.23 EAGLE CRG. a-h, We show four time
“snipshots” with respect to an arbitrarily defined ring formation time (t = 0 Myr). For each time “snipshot”, the circular and radial velocity are
shown in the upper and lower panels, respectively. This CRG is expanding from t = 0Myr to 120Myr, but the ring feature is disrupted due to a
second passage of a satellite galaxy at time 180 Myr. During these four time snipshots the radius of this CRG ring (defined as the peak of the 1D
surface mass density of the stars; see Supplementary Fig.14) also changes from 5, 6.5, 15, to 7.5 kpc, respectively. The red colour highlights the
particle radial velocity that is moving towards the centre of the CRG host.
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