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Redshift  z = 7.5±0.2 
Luminosity  LFIR ~ 6x1010 Lo 
SFR (total)  ~  12 Mo/yr 
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✦ Differential lensing?   
✦ Dust and molecular gas not 

spatially co-located?  
✦ Large size, thus losing flux?  
✦ Coincidence, another SMG 

‘blob’ at the same position? 
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Figure 6. Molecular cloud scaling relations for the star-forming regions within SMM J2135 compared to those in galaxies in the local universe. Left: the velocity
dispersion vs. cloud radius. The extragalactic GMCs in quiescent environments define the local line-width–size relation (Larson 1981), with the normalization
consistent with the average mid-plane pressure in the mid-plane of the Milky Way (Elmegreen 1989a). Those GMCs in gas-rich, high turbulent pressure environments
(such as the Galactic center) tend to be systematically offset from this relation. The line-width–size data for star-forming regions in SMM J2135 are compatible with a
line-width–size relation with a ∼5× higher normalization than found in the Milky Way. Right: the M(H2)–R2 relation (equivalent to the second cloud scaling relation
expressed in Equation (5)). The molecular star-forming regions in SMM J2135 lie on the line corresponding to the very high turbulent pressures estimated for them
(Equation (1)), lending support to the independently derived XCO factor used to estimate their masses. This is consistent with the ISM within SMM J2135 being under
high pressure.
(A color version of this figure is available in the online journal.)

similar values to within a factor of two (Chieze 1987; Elmegreen
1989b). Equation (5) can be recast as a mass–radius relation
(Elmegreen 1989b) and derived from the velocity–line-width
relation and the virial theorem applied for gaseous regions with
boundary pressure. For the chosen normalization value of the
former, n◦, this yields

M(H2) = 290
!

Pext/kB

104 cm−3 K

"1/2 !
R

pc

"2

M⊙. (6)

The large mid-plane hydrostatic pressure, Ptot/kB ∼ (1–3) ×
107 K cm−3 in SMM J2135, will correspond to an external cloud
boundary pressure Pext ≈ Ptot/(1 + α◦ + β◦) = (0.6–1.8) ×
107 cm−3 K for relative cosmic-ray and magnetic pressure con-
tributions of α◦ = 0.4 and β◦ = 0.25 (Elmegreen 1989b, and
references therein). From Equations (4) and (5) we then ex-
pect σ◦(SMMJ2135) ∼ 7×σ◦(Galactic) and n◦(SMMJ2135) ∼
50 × n◦(Galactic). The former is in very good agreement with
the offset for the star-forming regions (a factor 7–10 offset in σ
at a fixed size), while the latter implies that the molecular gas
is expected to be ∼50× denser on all scales when compared to
the gaseous ISM in the Milky Way. Thus for a typical GMC size
of 2R ∼ 20 pc in SMM J2135, the average densities would be
∼5000 cm−3 rather than ∼100 cm−3 as in the Milky Way.

In Figure 6, we also plot the mass–radius relation for a range
of turbulent ISM pressures and overlay observed values of M and
R from Galactic GMCs, ranging from those in the disk to those
in the high-pressure environment of the Galactic center. The
star-forming molecular gas regions of SMM J2135 are offset
by two orders of magnitude with respect to quiescent GMCs, as
expected from Equation (6), and the turbulent pressures deduced
for its gaseous ISM.

While our analysis could readily attribute the offsets of the
line-width–size relation to the independently derived large ISM
pressures, we caution that we may still be probing scales at
or just beyond where this relation is valid. Indeed this scaling
law is expected to have a cutoff at the scales corresponding
to the largest possible virialized molecular cloud structures, or
simply to the lowest spatial frequency of turbulent driving (the

disk scale-height being an obvious choice). The original study
by Larson (1981) extends up to a cloud size of 100 pc, while
the most recent and systematic study by Heyer & Brunt (2004)
only goes up to 50 pc (a typical GMC size). On larger scales,
systematic (streaming) motions between otherwise virialized
gas structures could broaden the apparent “cloud” line widths,
our removal of regular disk-like motions notwithstanding. Such
systematically broadened line widths could then create appar-
ent offsets from the local scaling relations, similar to those
seen in Figure 6, that are unrelated to increased ISM pressures.
Only ALMA will be capable of verifying the true pressure-
induced offsets in distant star-forming galaxies, by probing
scales <100 pc with sufficient sensitivity and spatial resolu-
tion to establish both the slope and the normalization of the ISM
scaling laws at high redshifts. This will be possible for strongly
lensed starburst systems such as SMM J2135, allowing an un-
precedented insight into key quantities characterizing the turbu-
lent molecular gas in star-forming systems at high redshifts.

3.6. Star-formation Efficiencies at High ISM Pressures

High average volume densities for molecular gas have been
revealed by HCN, CS, and HCO+ observations of local ULIRGs
and interpreted as being responsible for the very high star
formation efficiencies observed for their global molecular gas
reservoirs (Greve et al. 2009). The high luminosities of the
star-forming regions in SMM J2135 per gas mass suggest
high efficiencies, with ΣFIR/Σgas = (100–450) L⊙/M⊙, near
the radiation-pressure limit recently advocated for extreme
starbursts (Andrews & Thompson 2011; see also Scoville 2004
for a first derivation).

However, with estimates for the size, velocity dispersion,
mass, and SFRs of the clumps in SMM J2135, we can estimate
the star formation efficiencies per dynamical time directly.
Using the radii of R ∼ 100–200 pc (as measured from the
CO(6–5) line emission and the rest-frame 260 µm emission),
for velocity dispersions of 40–60 km s−1, the crossing time
of the clump region is τ ∼ 4–5 Myr. The inferred SFRs of
each region are ∼30–90 M⊙ yr−1; thus in one dynamical time

10

!

Figure'1.'Multi-wavelength' images'of' the'galaxy' cluster.! !a,!Hubble!Space!Telescope!VI1band! colour! image!of! the!
galaxy!cluster!with!white!contours!denoting!the!870�m!emission!from!observations!with!Large!Apex!Bolometer!Camera!
(LABOCA)!on!the!Atacama!Pathfinder!Experiment!(APEX)!telescope.!Contours!denote!5,!10,!15,!20,!25!&!30�!(r.m.s.!
noise:�3.5mJy)! identifying! a! sub1mm! galaxy! with! flux! 106.0�7.0mJy! (the! quoted! error! on! the! galaxy! flux! includes!
calibration!uncertainties)!at!�:21:35:11.6!�:101:02:52.0!(J2000).!!The!optical!counter!part!is!faint!with!IAB=23.6�0.2.!!The!
solid!red!lines!denote!the!z=2.326!radial!and!tangential!critical!curves!from!the!best1fit!lens!model.!!b,'True!colour!IRAC!
3.6,!4.5,!8.0�m!image!of!the!cluster!core!with!contours!denoting!the!350�m!emission!from!APEX/SABOCA.!!Contours!
are! spaced!at!5,!10,!15,!&!20�! (r.m.s.!noise:!23mJy)Z! the!350�m!flux! is!530�60mJy.! !The!mid1infrared!counterpart! is!
clearly!visible!as!an!extended!red!galaxy!centered!at!the!sub1mm!position.!!The!LABOCA!and!SABOCA!FWHM!beams!
�����
%�����	%���������!��$���������������������������������������������������#$�"���������� ������������������ c,!SMA!
870mm!image!of!the!galaxy.!The!map!shows!ei��������!�� ��������������������������$� ������%�����������������������
line!is!the!same!z=2.326!radial!critical!curve!as!in!panels!the!top!two!panels.!!Components!(A,B,C,D)!represent!two!mirror!
images! of! the! galaxy,! each! comprising! four! separate! emission! regions! reflected! about! the! lensing! critical! curve.! ! The!
lower1right!inset!shows!the!����%#����%�synthesised!beam!with!position!angle!of!15�!East!of!North.!!The!contours!start!at!
3�!and!are!spaced!by!1�.!!!
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!

Figure' 2.' ' Carbon'monoxide' (CO)' observations' of' SMMJ2135-0102' obtained'with' the' Zpectrometer' on'Green'
Bank'Telescope' (top)' and'Plateau'de'Bure' Interferometer.! ! The! redshift! of! is! z=2.3259�0.0001!was! derived! from!
observations! using! Zpectrometer,! a! wide1band! spectral! instrument! on! the! Green! Bank! Telescope11.! ! a,! Zpectrometer!
CO(110)! spectrum,! showing! a!double1horned!profile!with! a!velocity!offset! of! 290�30km/s!between! the! two!peaks.! !b,!
Plateau!de!Bure!observations!of!the!CO(312)!emission,!confirming!both!the!redshift!and!the!multiple!velocity!components!
seen!in!CO(110).!

(Swinbank et al. 2010)
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Figure 6. Molecular cloud scaling relations for the star-forming regions within SMM J2135 compared to those in galaxies in the local universe. Left: the velocity
dispersion vs. cloud radius. The extragalactic GMCs in quiescent environments define the local line-width–size relation (Larson 1981), with the normalization
consistent with the average mid-plane pressure in the mid-plane of the Milky Way (Elmegreen 1989a). Those GMCs in gas-rich, high turbulent pressure environments
(such as the Galactic center) tend to be systematically offset from this relation. The line-width–size data for star-forming regions in SMM J2135 are compatible with a
line-width–size relation with a ∼5× higher normalization than found in the Milky Way. Right: the M(H2)–R2 relation (equivalent to the second cloud scaling relation
expressed in Equation (5)). The molecular star-forming regions in SMM J2135 lie on the line corresponding to the very high turbulent pressures estimated for them
(Equation (1)), lending support to the independently derived XCO factor used to estimate their masses. This is consistent with the ISM within SMM J2135 being under
high pressure.
(A color version of this figure is available in the online journal.)
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Figure 6. Molecular cloud scaling relations for the star-forming regions within SMM J2135 compared to those in galaxies in the local universe. Left: the velocity
dispersion vs. cloud radius. The extragalactic GMCs in quiescent environments define the local line-width–size relation (Larson 1981), with the normalization
consistent with the average mid-plane pressure in the mid-plane of the Milky Way (Elmegreen 1989a). Those GMCs in gas-rich, high turbulent pressure environments
(such as the Galactic center) tend to be systematically offset from this relation. The line-width–size data for star-forming regions in SMM J2135 are compatible with a
line-width–size relation with a ∼5× higher normalization than found in the Milky Way. Right: the M(H2)–R2 relation (equivalent to the second cloud scaling relation
expressed in Equation (5)). The molecular star-forming regions in SMM J2135 lie on the line corresponding to the very high turbulent pressures estimated for them
(Equation (1)), lending support to the independently derived XCO factor used to estimate their masses. This is consistent with the ISM within SMM J2135 being under
high pressure.
(A color version of this figure is available in the online journal.)
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The large mid-plane hydrostatic pressure, Ptot/kB ∼ (1–3) ×
107 K cm−3 in SMM J2135, will correspond to an external cloud
boundary pressure Pext ≈ Ptot/(1 + α◦ + β◦) = (0.6–1.8) ×
107 cm−3 K for relative cosmic-ray and magnetic pressure con-
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pect σ◦(SMMJ2135) ∼ 7×σ◦(Galactic) and n◦(SMMJ2135) ∼
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the gaseous ISM in the Milky Way. Thus for a typical GMC size
of 2R ∼ 20 pc in SMM J2135, the average densities would be
∼5000 cm−3 rather than ∼100 cm−3 as in the Milky Way.

In Figure 6, we also plot the mass–radius relation for a range
of turbulent ISM pressures and overlay observed values of M and
R from Galactic GMCs, ranging from those in the disk to those
in the high-pressure environment of the Galactic center. The
star-forming molecular gas regions of SMM J2135 are offset
by two orders of magnitude with respect to quiescent GMCs, as
expected from Equation (6), and the turbulent pressures deduced
for its gaseous ISM.

While our analysis could readily attribute the offsets of the
line-width–size relation to the independently derived large ISM
pressures, we caution that we may still be probing scales at
or just beyond where this relation is valid. Indeed this scaling
law is expected to have a cutoff at the scales corresponding
to the largest possible virialized molecular cloud structures, or
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disk scale-height being an obvious choice). The original study
by Larson (1981) extends up to a cloud size of 100 pc, while
the most recent and systematic study by Heyer & Brunt (2004)
only goes up to 50 pc (a typical GMC size). On larger scales,
systematic (streaming) motions between otherwise virialized
gas structures could broaden the apparent “cloud” line widths,
our removal of regular disk-like motions notwithstanding. Such
systematically broadened line widths could then create appar-
ent offsets from the local scaling relations, similar to those
seen in Figure 6, that are unrelated to increased ISM pressures.
Only ALMA will be capable of verifying the true pressure-
induced offsets in distant star-forming galaxies, by probing
scales <100 pc with sufficient sensitivity and spatial resolu-
tion to establish both the slope and the normalization of the ISM
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lensed starburst systems such as SMM J2135, allowing an un-
precedented insight into key quantities characterizing the turbu-
lent molecular gas in star-forming systems at high redshifts.

3.6. Star-formation Efficiencies at High ISM Pressures

High average volume densities for molecular gas have been
revealed by HCN, CS, and HCO+ observations of local ULIRGs
and interpreted as being responsible for the very high star
formation efficiencies observed for their global molecular gas
reservoirs (Greve et al. 2009). The high luminosities of the
star-forming regions in SMM J2135 per gas mass suggest
high efficiencies, with ΣFIR/Σgas = (100–450) L⊙/M⊙, near
the radiation-pressure limit recently advocated for extreme
starbursts (Andrews & Thompson 2011; see also Scoville 2004
for a first derivation).

However, with estimates for the size, velocity dispersion,
mass, and SFRs of the clumps in SMM J2135, we can estimate
the star formation efficiencies per dynamical time directly.
Using the radii of R ∼ 100–200 pc (as measured from the
CO(6–5) line emission and the rest-frame 260 µm emission),
for velocity dispersions of 40–60 km s−1, the crossing time
of the clump region is τ ∼ 4–5 Myr. The inferred SFRs of
each region are ∼30–90 M⊙ yr−1; thus in one dynamical time
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Looking below the noise: 
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Extreme or normal starbursts?
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Stacking: using uv-stacking algorithm by Lindroos et al. 2014

Stacked result (A1689)
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Extreme or normal starbursts?
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Stacking: using uv-stacking algorithm by Lindroos et al. 2014

Stacked result (A1689)

z = 7.5

MS:  z ~ 2.5

MS:  z ~ 1.1

MS:  z = 0



Summary and conclusions...

★ Using nature’s own telescopes we push to 
faint fluxes and ‘low’ SFRs 

★ Finding dust emission at redshift  z = 7.5 

★ Finding “normal” starbursts at redshift z ~ 2 

★ Statistical detection of SFR ~ 1-4 Mo/yr in  
Mstellar ~ 109 Mo galaxies 

★ Gravitational lensing essential to probe 
scales < few 100 pc in high-z galaxies



Registration deadline:   April 3rd 
(Hotel block booking March 27th)




