
Strong Gravitational Lensing in the Era of Big Data
Proceedings IAU Symposium No. 381, 2024
H. Stacey, A. Sonnenfeld & C. Grillo, eds.
doi:10.1017/S174392132300368X

Where are the Eddington-limited starbursts?
Gravitational lensing provides a way forward
for sub-kiloparsec views of star formation
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Abstract. In the past decade, submillimeter surveys have been employed to define samples of
gravitationally-lensed dusty star-forming galaxies (DSFGs) at z ∼ 1 − 4. These extreme objects
(LIR = 1012 − 1013.5 L�) appear to form stars prodigiously at rates of 100 − 3000 M� yr−1.
Using all-sky Planck and WISE surveys, and wide-area Herschel surveys, we have identified the
PASSAGES sample, with some of the rarest hyper-luminous IR galaxies ever discovered. We have
found that their globally-averaged star formation surface densities are always sub-Eddington,
typically by an order of magnitude. This may suggest that our understanding of how radiation
pressure from massive stars disrupts the collapse of molecular clouds (thereby quenching star
formation) is flawed—or simply that smaller physical resolutions are necessary. With the aid of
lensing, we can now capture the source-plane distribution of star formation at ∼ 100pc scales,
letting us identify isolated super-Eddington regions where quenching is occurring.

Keywords. Strong gravitational lensing (1643), Starburst galaxies (1570), Ultraluminous
infrared galaxies (1735)

1. Introduction

Stellar feedback—the deposition of momentum and energy into the interstellar medium
(ISM) by the formation of stars—has come to be accepted as a fundamental process gov-
erning the evolution of a galaxy. In particular, this feedback appears to be responsible
for preventing gas-rich galaxies from rapidly converting gas into stars at a rate consis-
tent with the free-fall time (see review McKee and Ostriker 2007). This feedback has
impacts on global scales of a galaxy, but is ultimately a more local process. The effi-
ciency of star formation is low on galaxy-wide scales; defined as εff ≡ τff · SFR/Mgas—with
star-formation rate SFR, total gas mass Mgas, and free-fall time τff—typical values are
of order 1% (e.g. Kennicutt 1998; Krumholz and McKee 2005; Krumholz et al. 2012;
Padoan and Nordlund 2011; Federrath and Klessen 2012; Utomo et al. 2018). Yet,
the efficiency for giant molecular clouds (GMCs) themselves can be much higher, even
approaching unity in some instances (e.g., Murray 2011). These observational constraints
to test models of star formation have been difficult to derive, so it remains unclear what
physical processes dominate in regulating the collapse of molecular gas.

Scoville (2003), Murray et al. (2005), and Thompson et al. (2005) first developed
theoretical models by which radiation pressure in dusty environments could become
the predominant source of stellar feedback. In particular, where the ISM is optically
thick to IR emission (resulting from the reprocessing of UV photons from massive
stars), the momentum of the photons against dust grains coupled to the gas becomes
an efficient support against the self-gravity of molecular clouds. Such an environment
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is expected for objects like ultra-luminous infrared galaxies (ULIRGs; Lonsdale et al.
2006)—or more generally the population of dusty star-forming galaxies (DSFGs)—which
host extreme dust-enshrouded starbursts. This Eddington-like limit at which radiation
pressure exceeds self-gravity is estimated to occur at star formation rate surface densi-
ties of around ΣSFR ≡ SFR/(2πR2

eff) ∼ 1000 M� yr−1 kpc−2 (Andrews and Thompson
2011; Simpson et al. 2015). However, as this limit is for globally-averaged ΣSFR, galaxies
forming stars at overall sub-Eddington densities can still host super-Eddington clumps of
star formation. Moreover, the measurement of effective radii Reff for high-z (often com-
pact) galaxies requires finer angular resolution than local ULIRGs. For these reasons, the
application of gravitational lensing as a “cosmic telescope” is required to make progress
in testing models of stellar feedback.

2. Sample Definition and Data

For this analysis, we employ the lensed DSFGs selected with Planck as part of
the PASSAGES sample (Planck All-Sky Survey to Analyze Gravitationally-lensed
Extreme Starbursts; Harrington et al. 2016, 2021; Berman et al. 2022; lens models from
Kamieneski et al. 2023). We also make some comparisons to similar samples defined with
the South Pole Telescope (SPT; e.g., Weiss et al. 2013; lens models from Spilker et al.
2016) and Herschel (e.g., Negrello et al. 2010, 2017; Wardlow et al. 2013; lens models from
Bussmann et al. 2013, 2015). As the Planck-selected objects occupy the upper echelon
of apparent infrared luminosities for their redshift range of z ∼ 1 − 3.5 (see also objects
identified independently by Cañameras et al. 2015), they offer perhaps the ideal view
of extreme starburst events. Moreover, radiative transfer modeling of multi-transition
molecular gas lines for the PASSAGES sample by Harrington et al. (2021) suggested
that some objects would approach this limit, based on the ratio of their LIR to ISM mass
(relative to the threshold of 500 L�/M�; see Scoville 2003). Since the total flux-weighted
magnifications for extended objects (i.e., starbursts rather than quasars) generally tend
not to exceed μ∼ 10 − 20 (e.g., Hezaveh et al. 2012), their large apparent luminosities
were perhaps more easily explained by larger intrinsic luminosities rather than larger
magnifications. As such, they are among the best candidates for maximal starbursts
forming stars at surface densities close to (or above) the Eddington limit.

Apparent star formation rates were derived from their total infrared luminosities
(Harrington et al. 2016; Berman et al. 2022), which captures the UV emission from mas-
sive stars that is reprocessed into the IR by dust. As this covers a wide wavelength regime,
for which the spatial distribution of continuum can vary, it is not entirely trivial to char-
acterize the size of the dust-emitting region. For our purpose, we use 1.1mm continuum
imaging (rest-frame ∼ 250 − 500μm) on the Rayleigh-Jeans tail. Band 6 (1.1 − 1.4 mm)
observations were taken with the Atacama Large Millimeter/submillimeter Array as part
of Cycle 5 program 2017.1.01214.S (PI: M. Yun), reaching synthesized beam resolutions of
0.4 − 0.8′′ and sensitivities of 0.07 − 0.33 mJy. The PASSAGES sub-sample that has been
observed with ALMA and has a credible strong lens model consists of 13 objects. Further
details on the observations are provided in Berman et al. (2022) and Kamieneski et al.
(2023).

3. Results and Discussion

Fortunately, the measurement of ΣSFR is relatively insensitive to statistical and sys-
tematic uncertainties in the lens model, as it is connected to surface brightness, which
is conserved by gravitational lensing. For example, if a lens model erroneously overesti-
mates a galaxy size by a factor of k relative to the “true” value, then the magnification
measured from the ratio of image-plane to source-plane area will be underestimated by
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a factor of ∼ k2; this then leads to factor of k2 overestimate of the intrinsic luminosity
LIR. As a result of this, both the numerator and denominator of ΣIR =LIR/(2πR

2
eff) are

overestimated by k2, and the effect essentially cancels out. Considered slightly differently,
ΣIR and ΣSFR could even be measured directly from the image-plane, lensing-uncorrected
data, were it not for the challenge that shear distorts the shape of the galaxy and makes
the determination of effective radius more complicated. As a more direct comparison
with unlensed DSFGs is desirable, we carry out lens modeling in order to estimate the
global surface densities of star formation.

Full details of our lens modeling approach for the PASSAGES sample are presented
in Kamieneski et al. (2023), but we summarize it in brief here. Only the foreground
lensing mass is parameterized (typically with singular isothermal ellipsoid profiles,
Kormann et al. 1994), with constraints set by only the locations of multiply-imaged
components. These image families are determined using multi-wavelength information
from Hubble Space Telescope (HST) at 1.6 μm, Gemini-S Observatory at r′ and z′

bands, ALMA at 1.1mm, and the Karl G. Jansky Very Large Array at 6 GHz. Models
are optimized through Markov Chain Monte Carlo with lenstool (Kneib et al. 1996;
Jullo et al. 2007; Jullo and Kneib 2009), effectively minimizing the RMS of image-plane
separations between observed vs. predicted image locations. Magnifications (and asso-
ciated uncertainties) are estimated by randomly sampling from the multi-dimensional
posterior distribution, reconstructing in the source plane by ray-tracing, and computing
the ratio of image-plane to source-plane areas. Objects are reconstructed in the source
plane without parameterization or regularization, as these extreme starbursts may be
clumpy and highly irregular. A similar approach is taken for measuring intrinsic effective
radii and uncertainties (see also Section 3 of Kamieneski et al. 2023).

Figure 1 shows the globally-averaged ΣSFR vs. Reff of the dust continuum for three
samples of lensed DSFGs, with intrinsic values derived with lens models: PASSAGES
(this work, and see Table 3 from Kamieneski et al. 2023), SPT (Spilker et al. 2016), and
Herschel (Bussmann et al. 2013). Additionally, unlensed DSFGs from the ALESS sample
with resolved size measurements from Hodge et al. (2019) are shown. We find that very
few of the objects shown approach the theoretical Eddington limit (with none surpassing
it), and the median value of the four samples (ΣSFR ∼ 58 M� yr−1 kpc−2, Reff ∼ 1.6 kpc)
is more than an order of magnitude below the threshold. This is in apparent contrast
to local ultra-luminous infrared galaxies (ULIRGs; LIR = 1012−13 L�), which have been
found to frequently exceed the Eddington limit, even by over an order of magnitude in
some cases (e.g., Barcos-Muñoz et al. 2017; Pereira-Santaella et al. 2021). The canonical
and well-studied ULIRG Arp 220, for example, has regions forming stars at surface
densities of ΣSFR ∼ 104.1±0.1 M� yr−1 kpc−2 (Barcos-Muñoz et al. 2015). On the other
hand, Song et al. (2022) found predominantly sub-Eddington star formation in a broader
sample of local luminous infrared galaxies (LIRGs; LIR = 1011−12 L�) and ULIRGs. If the
extreme hyper-luminous IR galaxies (HyLIRGs; LIR > 1013 L�) seen at high-z like the
PASSAGES objects are in fact sub-Eddington, it might suggest simply that their order-
of-magnitude increase in IR luminosity over ULIRGs is accompanied by a comparable
∼ 0.5 dex increase in radius. Indeed, for a very large sample of 1000+ DSFGs covering
LIRGs, ULIRGs, and a handful of HyLIRGs from z = 0 − 6, Fujimoto et al. (2017) found a
highly significant correlation between Reff and LIR, fit approximately by Reff ∝L0.28±0.07

IR

(albeit with large scatter). The authors speculate that the power-law slope could be
set by processes of disk formation, given the similarity in slope for UV-detected star-
forming galaxies (e.g., αUV = 0.27 ± 0.01, Shibuya et al. 2015). While perhaps a too
simplistic picture for complicated high-z systems, it is useful to consider that the Stefan-
Boltzmann law suggests that an optically-thick spherical blackbody should radiate as
LIR ∝R2

effT
4
dust.
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Figure 1. The galaxy-averaged star formation rate surface density ΣSFR vs. dust continuum
effective radiusReff for members of the PASSAGES sample (Kamieneski et al. 2023), as measured
in the model-reconstructed source plane. Also shown are the source-plane values for samples of
lensed DSFGs identified with SPT (Spilker et al. 2016) and Herschel (Bussmann et al. 2013),
alongside unlensed DSFGs from the ALESS sample (Hodge et al. 2019). The Eddington limit
is typically computed at values of ΣSFR ∼ 650 − 1000 M� yr−1 kpc−2 (depending on choice of
gas mass fraction and dust-to-gas ratio; Andrews and Thompson 2011; Simpson et al. 2015;
Hodge et al. 2019), which is shown as a red shaded region. Diagonal dotted, dashed, and dash-
dotted lines indicate the loci for IR luminosities of 1011 L� (LIRGs), 1012 L� (ULIRGs), and
1013 L� (hyper-luminous infrared galaxies or HyLIRGs).

However, as noted by Simpson et al. (2015), “clumpy” distributions of star for-
mation with isolated sub-galactic regions—e.g., star-forming complexes and individual
GMCs—forming stars above the Eddington limit could still appear sub-Eddington in
its galaxy-wide star formation rate surface density. For this reason, in future work, we
intend to directly map ΣSFR at ∼ 100 − 500pc scales with newly-obtained θ∼ 0.1′′ resolu-
tion ALMA observations of 16 PASSAGES objects at 870μm and 1.1mm. Even with very
high-resolution θ∼ 0.07′′ ALMA imaging of six ALESS DSFGs, reaching 500pc physical
scales, Hodge et al. (2019) found that both the peak and the globally-averaged ΣSFR val-
ues remained sub-Eddington. However, these values were actually consistent with those
of local ULIRGs from Barcos-Muñoz et al. (2017) with comparable physical sizes, and
only ULIRGs with smaller effective radii (<∼ 0.2 kpc) were found to be super-Eddington.
Hodge et al. suggested this as a sign that even smaller physical scales need to be probed
to find super-Eddington star formation in the distant Universe. Indeed, reaching physi-
cal scales of ∼ 60 − 160 pc with lensing, Cañameras et al. (2017) found local densities of
∼ 1000 − 2000 M� yr−1 kpc−2. At present, these resolutions are only feasibly accessible
with the longest-baseline configurations of facilities like ALMA, and with the aid of grav-
itational lensing. However, the move to 100 pc scales also brings additional challenges.
For example, measurement of the properties of small star-forming clumps may be more
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affected by gravitational microlensing (e.g., Fian et al. 2021), or by millilensing from
dark, low-mass substructures in the lensing galaxy or anywhere along the line-of-sight
(e.g., Mao and Schneider 1998; Vegetti et al. 2012, 2014; Inoue 2016; Nierenberg et al.
2017, 2020). Such effects are negligible at coarser resolutions, but they should be incor-
porated into uncertainties when approaching GMC scales. Fortunately, the conservation
of surface brightness from lensing may again work to our advantage when mapping ΣSFR,
whereas the measurement of absolute properties like the mass and luminosity of clumps
is made more difficult.

Finally, we consider the future of submillimeter-selected samples of gravitational lenses
like PASSAGES, which offer valuable laboratories for examining extreme star formation
at ultra-high resolutions. At present, the PASSAGES sample consists of ∼ 30 lensed
DSFGs (Harrington et al. 2016; Berman et al. 2022). Other samples from Planck—and
from facilities like Herschel, SPT, Atacama Cosmology Telescope (ACT)—contain an
additional several hundred such lenses (e.g., Negrello et al. 2010, 2017; Vieira et al. 2010;
González-Nuevo et al. 2012; Wardlow et al. 2013; Weiss et al. 2013; Su et al. 2017;
Bakx et al. 2020a,b; Gralla et al. 2020; Trombetti et al. 2021; Lammers et al. 2022).
While predicted by Blain (1996) and Negrello et al. (2007), submillimeter flux selection
of gravitational lenses has proven to be remarkably efficacious, with few contaminants.

Novel selection criteria and new facilities will continue to increase this sample of
lensed submillimeter-bright objects in the coming decade. As one notable example, the
TolTEC camera of the Large Millimeter Telescope will have unprecedented sensitive
mapping capabilities at 1.1mm, 1.4mm, and 2.1mm simultaneously (Wilson et al. 2020).
This longer-wavelength regime could particularly help in accessing higher-redshift (z >∼ 4)
lensed DSFGs (see, e.g., Casey et al. 2021). With this growing sample of lensed, intrin-
sically extreme starbursts—alongside the anticipated large ensemble of more than 105

optically-selected lenses with new mapping facilities like Euclid (e.g. Laureijs et al. 2011;
Serjeant 2014)—new frontiers are being opened up for testing theoretical frameworks for
star formation and the dynamics of the interstellar medium. Strong gravitational lensing
will continue to be a crucial tool in helping to bridge the gap in the physical resolutions
that we can reach for the local vs. high-redshift Universe.
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Alvarez, P., Rojas, K., & Hanslmeier, A. 2021, Revealing the structure of the lensed quasar
Q 0957+561. I. Accretion disk size. A&A, 654, A70.

Fujimoto, S., Ouchi, M., Shibuya, T., & Nagai, H. 2017, Demonstrating a New Census of Infrared
Galaxies with ALMA (DANCING-ALMA). I. FIR Size and Luminosity Relation at z = 0-6
Revealed with 1034 ALMA Sources. ApJ, 850, 83.
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Lammers, C., Hill, R., Lim, S., Scott, D., Cañameras, R., & Dole, H. 2022, Candidate high-
redshift protoclusters and lensed galaxies in the Planck list of high-z sources overlapping
with Herschel-SPIRE imaging. MNRAS, 514(4), 5004–5023.

https://doi.org/10.1017/S174392132300368X Published online by Cambridge University Press

https://doi.org/10.1017/S174392132300368X


154 P. S. Kamieneski

Laureijs, R., Amiaux, J., Arduini, S., Auguères, J. L., Brinchmann, J., Cole, R., Cropper, M.,
Dabin, C., Duvet, L., Ealet, A., & et al. 2011, Euclid Definition Study Report. arXiv
e-prints, arXiv:1110.3193.

Lonsdale, C. J., Farrah, D., & Smith, H. E. 2006, Ultraluminous Infrared Galaxies, 285. Springer-
Verlag.

Mao, S. & Schneider, P. 1998, Evidence for substructure in lens galaxies? MNRAS, 295, 587.
McKee, C. F. & Ostriker, E. C. 2007, Theory of Star Formation. ARA&A, 45(1), 565–687.
Murray, N. 2011, Star Formation Efficiencies and Lifetimes of Giant Molecular Clouds in the

Milky Way. ApJ, 729(2), 133.
Murray, N., Quataert, E., & Thompson, T. A. 2005, On the Maximum Luminosity of Galaxies

and Their Central Black Holes: Feedback from Momentum-driven Winds. ApJ, 618(2),
569–585.

Negrello, M., Amber, S., Amvrosiadis, A., Cai, Z.-Y., Lapi, A., Gonzalez-Nuevo, J., De Zotti,
G., Furlanetto, C., Maddox, S. J., Allen, M., Bakx, T., Bussmann, R. S., Cooray, A.,
Covone, G., Danese, L., Dannerbauer, H., Fu, H., Greenslade, J., Gurwell, M., Hopwood,
R., Koopmans, L. V. E., Napolitano, N., Nayyeri, H., Omont, A., Petrillo, C. E., Riechers,
D. A., Serjeant, S., Tortora, C., Valiante, E., Verdoes Kleijn, G., Vernardos, G., Wardlow,
J. L., Baes, M., Baker, A. J., Bourne, N., Clements, D., Crawford, S. M., Dye, S., Dunne,
L., Eales, S., Ivison, R. J., Marchetti, L., Micha�lowski, M. J., Smith, M. W. L., Vaccari,
M., & van der Werf, P. 2017, The Herschel-ATLAS: a sample of 500 μm-selected lensed
galaxies over 600 deg2. MNRAS, 465, 3558–3580.

Negrello, M., Hopwood, R., De Zotti, G., Cooray, A., Verma, A., Bock, J., Frayer, D. T., Gurwell,
M. A., Omont, A., Neri, R., Dannerbauer, H., Leeuw, L. L., Barton, E., Cooke, J., Kim, S.,
da Cunha, E., Rodighiero, G., Cox, P., Bonfield, D. G., Jarvis, M. J., Serjeant, S., Ivison,
R. J., Dye, S., Aretxaga, I., Hughes, D. H., Ibar, E., Bertoldi, F., Valtchanov, I., Eales, S.,
Dunne, L., Driver, S. P., Auld, R., Buttiglione, S., Cava, A., Grady, C. A., Clements, D. L.,
Dariush, A., Fritz, J., Hill, D., Hornbeck, J. B., Kelvin, L., Lagache, G., Lopez-Caniego,
M., Gonzalez-Nuevo, J., Maddox, S., Pascale, E., Pohlen, M., Rigby, E. E., Robotham,
A., Simpson, C., Smith, D. J. B., Temi, P., Thompson, M. A., Woodgate, B. E., York,
D. G., Aguirre, J. E., Beelen, A., Blain, A., Baker, A. J., Birkinshaw, M., Blundell, R.,
Bradford, C. M., Burgarella, D., Danese, L., Dunlop, J. S., Fleuren, S., Glenn, J., Harris,
A. I., Kamenetzky, J., Lupu, R. E., Maddalena, R. J., Madore, B. F., Maloney, P. R.,
Matsuhara, H., Micha�lowski, M. J., Murphy, E. J., Naylor, B. J., Nguyen, H., Popescu, C.,
Rawlings, S., Rigopoulou, D., Scott, D., Scott, K. S., Seibert, M., Smail, I., Tuffs, R. J.,
Vieira, J. D., van der Werf, P. P., & Zmuidzinas, J. 2010, The Detection of a Population
of Submillimeter-Bright, Strongly Lensed Galaxies. Science, 330, 800.
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