The Laws of Star Formation: From the Cosmic Dawn to the Present Universe – July 2018

Planck's Dusty GEMS
Star formation and feedback in a maximum starburst
at z=3 seen at 60-pc resolution
Raoul Cañameras (DARK, Copenhagen), Nicole Nesvadba (IAS, Orsay)
& the "Planck's Dusty GEMS" team
Based on Cañameras et al. (2017a,b)

Planck

Herschel
ALMA

Characterizing dusty starburst galaxies at z~2–3
Open questions
●

●

●

What sets the Schmidt-Kennicutt law at the
peak of cosmic star formation history ?
What causes the offset of the starburst
population ?
What mechanisms set the maximal rate at
which these galaxies can form their stars ?
Requirements

●

Need to probe the local processes
regulating star formation
→ Resolve dust, gas, stars on scales
<100 pc, with high S/N ratios
Solution

●

Use of gravitationally lensed systems,
with μ > 10

Fig. Starbursts and disks on the main sequence
form two regimes in the Schmidt-Kennicutt diagram
(Daddi et al. 2010).

Selection of strongly lensed dusty high-z galaxies
●

Brightest FIR/sub-mm sources are strongly lensed
→ rare and identified with large scale surveys, e.g.
with Herschel or SPT

Our approach
●

A systematic identification with the Planck survey
on the extragalactic sub-mm sky

Method
●

Color-color selection at 350/550 μm and 550/850 μm
in Planck/HFI maps and Herschel/SPIRE follow-up :
228 high-z candidates (Planck coll. 2015 XXVII)

Number counts at 500 μm (Negrello et al. 2010).

Two classes
●
●

overdensities of red sources,
11 bright isolated point sources in SPIRE images
(350-1050 mJy at 350μm)
→ The Planck's Dusty GEMS

Fig. Position of Planck high-z sources at
high galactic latitudes (L. Montier priv. comm.)

Follow-up campaign of the Planck's Dusty GEMS
Cañameras et al. 2015; A&A 581, A105

●

●

●

Resolved dust continuum imaging :
Red compact sources and giant
arcs with strong distortions
Blind CO redshift search at 3-mm
with IRAM/EMIR : z = 2.2 – 3.6
Empirical scaling relations between
dust and gas properties
Fig. Observed boost of LFIR in the GEMS at a given Tdust
due to gravitational magnification (Cañameras et al. 2015).

These are indeed the brightest, strongly gravitationally lensed high-z sub-mm galaxies

Fig. SMA 850 μm imaging of the GEMS at 2” resolution (red contours). NIR J-band
images show the stellar continuum in the foreground lens galaxies (greyscale).

Strong lensing models of the Planck's Dusty GEMS
●

●

Strong lensing models for the 11
sources with LENSTOOL
(Jullo et al. 2007)
Parametrization of the foreground
mass components using optical/NIR
imaging from CFHT, VLT, HST and
optical/NIR spectroscopy from VLT,
NOT
→ Massive foreground galaxies,
galaxy groups or clusters produce
large magnification factors
μ ~ 10 – 30
→ Global delensed properties of
typical or extreme high-z starbursts

Fig. HST 2-color image of the foreground cluster towards one of the Planck's Dusty GEMS, SMA dust continuum
of the sub-mm arc (Cañameras et al. 2018, sub.), and critical lines of the best-fitting lens model (orange).

The brightest sub-mm source known at high-z
The brightest source in our sample → The only high-redshift galaxy with S350 > 1000 mJy
●

Spectroscopic redshift of 3.005

●

Dust temperature of 50 K, μ ~ 16

●

●

Tight upper limit of 10% on the AGN contribution
to dust heating & falls on the local FIR-radio
correlation → Minor role of AGN feedback
Violent starburst with global SFR ~ 3000 Msun yr – 1

PLCK_G244.8+54.9
''The Ruby''

ALMA view of the Ruby
Cañameras et al. 2017b; A&A 604, 117

ALMA high-resolution interferometry of the CO(4-3) line and 3-mm dust continuum
●

●

●

Maximum baselines of over 10 km
rms of 0.34 mJy/beam and beam size of 0.14”x0.06”
→ A near complete Einstein ring of 1.4” diameter
The main deflector is an isolated, red galaxy

Fig. Left: 3-color image in R, I, K bands. Right: ALMA CO(4-3) line (color) 3-mm continuum from the Ruby (contours).

The main deflector: A massive galaxy at redshift 1.5
Cañameras et al. 2017a; A&A 600, L3
●

●

●

The lens is a faint, red, isolated, massive galaxy,
at z = 1.525 +/- 0.001

VLT/X-Shooter

Robust mass estimate
M(< θe) = (3.70 +/- 0.35) x 10 11 Msun
Direct constraint on the stellar IMF at z~1.5
–

Model the stellar populations in the lens
from the optical to K bands (BC03)

–

M ~M

–

Well-controlled systematics (SFH, age,
metallicity, Av)
→ Suggest a bottom-heavy IMF
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Fig. Optical-to-IR imaging of the lens (greyscale) and ALMA CO(4-3) line emission in the Ruby (contours).

ALMA view of the Ruby
Cañameras et al. 2017b; A&A 604, 117

ALMA high-resolution interferometry of the CO(4-3) line and 3-mm dust continuum
●

Most emission arise from 11 compact clumps

●

Two individual regions with similar line profiles

●

●

In the source plane:
● Regions separated by ~500 pc
● Sizes of 0.5 kpc² and 0.3 kpc²
● Intrinsic resolutions down to 60 pc and 160 pc
Differential lensing between gas and dust <10-30 %

Fig. Integrated spectra of regions 1 & 2.

Fig. Left: 3-color image in R, I, K bands. Right: ALMA CO(4-3) line (color) 3-mm continuum from the Ruby (contours).

ALMA view of the gas kinematics in the Ruby
●

Large velocity gradients resolved in the radial direction
→ interpreted as a rotating disk

●

Deduce dynamical mass in the range (1–3) x 1010 Msun

●

σ ~ 25 – 200 km/s

●

Toomre parameter Q=1.0 +/- 0.3 → critically Toomre-stable disk

●

Delensed clump sizes : ~80 pc to 200 pc → consistent with disk fragmentation

Fig. ALMA observations of the CO(4-3) emission line in the Ruby (Cañameras et al. 2017b). Left : Line
flux map. Middle : Velocity offsets in km/s. Right : Line FWHM in km/s. Contours : 3-mm continuum.

Resolved Schmidt-Kennicutt law in the Ruby
●

Local star formation surface densities of 200 – 2000 M

●

Measure a low αCO and gas-mass surface densities 10
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sun
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→ Regime of maximal starbursts in the Schmidt-Kennicutt diagram
●

Independent of the lens model

Fig. Spatially resolved Schmidt-Kennicutt law in the Ruby (Cañameras et al. 2017b).

Processes regulating the star formation in the Ruby
What are the processes setting the stage for intense star formation ?
●

Close to the Eddington limit for starbursts limited by radiation pressure

●

Models of Andrews et al. 2011, Ostriker et al. 2011

●

Starburst self-regulated by
(1) radiation pressure from young stars and/or
(2) energy injection from supernovae and stellar winds

Fig. Spatially resolved Schmidt-Kennicutt law in the Ruby (Cañameras et al. 2017b).

Local star formation efficiency and energy injection

Free-fall time per clump of
(3 – 7) x 105 yr
● Moderate star formation efficiencies
per free-fall time in the range 1-10%
● Similar to 1-18% measured in GN20
(Hodge et al. 2015)
Milky Way star formation law is
universal ? Offset due to different
cloud survival times ?
●

Quantify feedback from local gas
kinematics
● Mechanical feedback or radiation
pressure can explain the line widths
● Processes can keep the molecular
clouds marginally stable
●

Fig. Turbulent scaling relation between gas
velocity dispersion and cloud size.

Conclusions
●

●

●

●

The Planck's Dusty GEMS are the brightest, strongly gravitationally lensed highredshift galaxies on the extragalactic sub-mm sky.
They are typical high-z starbursts with no major contribution from an AGN to the
bolometric FIR luminosity.
ALMA extended-baseline observations of CO(4–3) and 3-mm continuum in the
Ruby : A magnified view of an Eddington-limited starburst at z = 3.005.
The lens offers an outstanding opportunity to constrain the dark-matter halo mass
and dark-matter profile at z ~ 1.5, and shows evidence of a bottom-heavy stellar IMF.

●

High-resolution ALMA data probe down to 60 pc intrinsic scales in the Ruby.

●

The gas kinematics are consistent with a critically Toomre-stable disk.

●

●

We explain the extreme star formation intensities with a starburst self-regulated by
energy and momentum injection from young stellar populations.
This magnified view of the Ruby suggests that the most extreme high-z starbursts
can have moderate star formation efficiencies → universal Milky-Way star
formation law ?

