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This is a 
famous 
lensing 
cluster.



This is 
what it 
looks like 
at ~SDSS 
depth.



Galaxy at z=1.701, lensed by a 
foreground cluster (E. Wuyts+2010).

It Doesn’t Take Modern Surveys to Find the 
Brightest Giant Arcs

POSS (digitized 

photographic plates)



Galaxy at z=2.37, lensed by a 
foreground cluster (Dahle et al. 2016).

POSS-II (digitized 

photographic plates)

It Doesn’t Take Modern Surveys to Find the 
Brightest Giant Arcs





High-quality, medium-resolution, rest-frame 1000—
3000 A spectra, for 15 (20) of the brightest lensed 
galaxies at 1.6 < z < 3.6, with log Mstellar ~ 9-10.

Program to-date: ~18 nights on Magellan, including 
programs PIed by Bayliss (Harvard & MIT), Gladders 
(UChicago), Rigby (Carnegie), and Sharon 
(Michigan).

The spectra are littered with diagnostics of massive 
stars, outflows, & ionized nebulae, including 16 
nebular and fine structure emission features, dozens 
of stellar photospheric absorption lines, and ISM/
outflow absorption lines spanning ~12-65 eV in 
ionization potential.

These spectra are ideal for testing/training 
diagnostics, and connecting galaxy properties to the 
detailed properties of the populations of massive 
stars.
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MEGaSaURA:   The Magellan Evolution of Galaxies 
Spectroscopic and Ultraviolet Reference Atlas 



MEGaSaURA stacked spectrum: 
a template for z~2



✤ Comprehensive nebular diagnostics — Bayliss+2014b:

✤ Spatially resolved galactic outflows — Bordoloi+2016:

✤ Multiphase modeling of outflowing gas — Chisholm+2017:

Results from Individual Systems



Similarities at z~2-3 and z~0
Strong nebular UV emission lines 
appear at both low- and high-z. 
(Bayliss+14b; Rigby, Bayliss+2015)

ISM outflows are nearly 
identical at low- and high-z.
(Rigby, Bayliss+2017b)



But z~2-3 and z~0 Don’t Always Match
Models comparisons against Wolf Rayet wind features are generally good 
though there are still significant discrepancies in places, considering the 
exceptional S/N of the data.



But z~2-3 and z~0 Don’t Always Match

The MEGaSaURA spectra contain stellar photospheric lines from MS O stars. Models 
(SB99 below) based on the local universe reproduce some, but not all of these lines.



When In Doubt, Add Another Wavelength?

We were awarded a 2017 Large Program on the Chandra X-ray Observatory (PI: Bayliss), 
which will deliver 500 ks spread across 20 of our bright SGAS lenses. The primary signal will 
be the foreground lenses, but at such high magnifications we have an even chance of 
detecting X-ray emission from the population of high mass X-ray binaries in the background 
lensed galaxies (in a stack, if not in individual systems). With that in mind, perhaps we 
should think a little bigger: i.e., deep Chandra on the brightest lensed systems.

F390W (rest-frame ~1500A)

Simulated ~1 Ms integration with Chandra; 
emission is from HMXBs (rest-frame ~1A)



SGAS 1723, 
z=1.33

SGAS 1226, 
z=2.93
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NIRSpec and MIRI IFU observations of four lensed 
galaxies, two UV-bright, two sub-mm-bright.



Approved JWST ERS Program: TEMPLATES
(Targeting Extremely Magnified Panchromatic Lensed Arcs and Their Extended Star-formation)



Approved JWST ERS Program: TEMPLATES
(Targeting Extremely Magnified Panchromatic Lensed Arcs and Their Extended Star-formation)

Johnson+2017a,b; Rigby+2017c



✤ The most extreme lensing systems enable truly 
unique measurements, including high 
resolution, high signal to noise spectroscopy 
(MEGaSaURA).

✤ Spectra like MEGaSaURA tell us more than we 
probably wanted to know about the rest-UV 
properties of these galaxies, and enable new 
measurements of outflow properties, nebular 
emission, and the massive star populations.

✤ The MEGaSaURA spectra are remarkably 
similar to z~0 UV-bright SFing galaxies in many 
respects, though models anchored at low-z do 
struggle to reproduce all of the stellar 
photospheric features that we see at z~2-3.

✤ These objects are ideal for “pathfinder” studies, 
enabling direct tests of physical diagnostics that 
will be essential for future (i.e., JWST, 30m-
class telescopes) studies of galaxies as far out 
as we can see them.

Summary


