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brighter limit, which more closely represents the sample of galaxies actually observed in the study,
is significantly larger than for the extrapolation—nearly two times larger for the Reddy & Steidel
(2009) samples and by a lesser factor for the more distant objects from Bouwens et al. (2012a). In
our analysis of the SFRDs, we have adopted the mean extinction factors inferred by each survey
to correct the corresponding FUV luminosity densities.

Adopting a different approach, Burgarella et al. (2013) measured total UV attenuation from
the ratio of FIR to observed (uncorrected) FUV luminosity densities (Figure 8) as a function of
redshift, using FUVLFs from Cucciati et al. (2012) and Herschel FIRLFs from Gruppioni et al.
(2013). At z < 2, these estimates agree reasonably well with the measurements inferred from the
UV slope or from SED fitting. At z > 2, the FIR/FUV estimates have large uncertainties owing to
the similarly large uncertainties required to extrapolate the observed FIRLFs to a total luminosity
density. The values are larger than those for the UV-selected surveys, particularly when compared
with the UV values extrapolated to very faint luminosities. Although galaxies with lower SFRs may
have reduced extinction, purely UV-selected samples at high redshift may also be biased against
dusty star-forming galaxies. As we noted above, a robust census for star-forming galaxies at z ≫ 2
selected on the basis of dust emission alone does not exist, owing to the sensitivity limits of past
and present FIR and submillimeter observatories. Accordingly, the total amount of star formation
that is missed from UV surveys at such high redshifts remains uncertain.

Figure 9 shows the cosmic SFH from UV and IR data following the above prescriptions as
well as the best-fitting function

ψ(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6 M⊙ year−1 Mpc−3. (15)
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Figure 9
The history of cosmic star formation from (a) FUV, (b) IR, and (c) FUV+IR rest-frame measurements. The data points with symbols
are given in Table 1. All UV luminosities have been converted to instantaneous SFR densities using the factor KFUV = 1.15 × 10−28

(see Equation 10), valid for a Salpeter IMF. FIR luminosities (8–1,000 µm) have been converted to instantaneous SFRs using the factor
KIR = 4.5 × 10−44 (see Equation 11), also valid for a Salpeter IMF. The solid curve in the three panels plots the best-fit SFR density in
Equation 15. Abbreviations: FIR, far-infrared; FUV, far-UV; IMF, initial mass function; IR, infrared; SFR, star-formation rate.
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The Cosmic Peak of Gas Flows

van de Voort, et al. 2010

Mhalo = 1012.0 M¤

Mhalo = 1011.5 M¤

Hopkins, Quataert, & Murray 2012

Feedback Cold Flows
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Andrews & Martini 2013

van de Voort, et al. 2011

Mhalo = 1012.0 M¤

Mhalo = 1011.5 M¤

Hopkins, Q
uataert, & M

urray 2012

Understanding How Gas Flows Shape 
and Regulate Galaxies 

The Astrophysical Journal, 765:140 (23pp), 2013 March 10 Andrews & Martini

Figure 10. The direct method mass–metallicity relation for the M⋆ stacks (circles). In both panels, the thick black solid line shows the asymptotic logarithmic fit to
the direct method measurements (see Equation (5)). Panel (a): the colored lines represent various strong line calibrations (Tremonti et al. 2004; Zaritsky et al. 1994;
Kobulnicky & Kewley 2004; Kewley & Dopita 2002; McGaugh 1991; Denicoló et al. 2002; Pettini & Pagel 2004). Panel (b): the solid, dashed, and dotted gray lines
show the median, 68% contour, and 95% contour, respectively, of the Tremonti et al. (2004) MZR. The metallicities and fit parameters for the stacks are reported in
Tables 3 and 4, respectively.
(A color version of this figure is available in the online journal.)

required to detect [O ii] λλ7320, 7330 is Ngalaxies = 40, which
is well below the actual number of galaxies (1996) in this stack.

5. THE MASS–METALLICITY RELATION AND
MASS–METALLICITY–SFR RELATIONS

5.1. The Mass–Metallicity Relation

In Figure 10, we plot the MZR with direct method metallici-
ties for the M⋆ stacks (circles). We fit the MZR for the M⋆ stacks
(black line) with the asymptotic logarithmic formula suggested
by Moustakas et al. (2011):

12 + log(O/H) = 12 + log(O/H)asm − log
(

1 +
(

MTO

M⋆

)γ )
,

(5)
where 12 + log(O/H)asm is the asymptotic metallicity, MTO
is the turnover mass, and γ controls the slope of the MZR.
This functional form is preferable to a polynomial because
polynomial fits can produce unphysical anticorrelations between
mass and metallicity, particularly when extrapolated beyond the
mass range over which they were calibrated. The metallicities
and fit parameters for the stacks are reported in Tables 3
and 4, respectively. For comparison, we show the robust cubic
polynomial fits of eight strong line MZRs (colored lines) from
Kewley & Ellison (2008) in Figure 10(a). The T04, Z94 R23,
KK04 R23, KD02 N2O2, and M91 R23 MZRs are based on
theoretical calibrations, whereas the D02 N2, PP04 O3N2,
and PP04 N2 MZRs are based on empirical calibrations. In
Figure 10(b), the solid, dashed, and dotted gray lines indicate
the median, 68% contour, and 95% contour, respectively, of the
T04 MZR.

The most prominent aspect of the direct method MZR is its
extensive dynamic range in both stellar mass and metallicity.
It spans three decades in stellar mass and nearly one decade in
metallicity; this wide range is critical for resolving the turnover
in metallicity with a single diagnostic that is a monotonic
relation between line strength and metallicity. The broad range
in galaxy properties includes the turnover in the MZR, which is
the first time this feature has been measured with metallicities
derived from the direct method. Our stacked spectra also extend

the direct method MZR to sufficiently high masses that there is
substantial overlap with strong line measurements, and we use
this overlap to compare them.

The direct method MZR shares some characteristics with
strong line MZRs but differs in important ways, as can be seen
in Figure 10(a). The low mass end of the direct method MZR
starts at log(M⋆) = 7.4, a full decade lower than the strong
line MZRs. Nonetheless, naive extrapolations of the T04, D02,
PP04, and PP04 MZRs are in reasonable agreement with our
direct method MZR. At a stellar mass of log(M⋆) = 8.5, the
lowest stellar mass where strong line MZRs are reported, the
direct method MZR is consistent with the T04 and the D02
MZRs. Above this mass, the direct method MZR and the D02
MZR diverge from the T04 MZR. At log(M⋆) = 8.9, the direct
method MZR turns over. By contrast, the strong line MZRs turns
over at a much higher stellar mass (log[M⋆] ∼ 10.5): a significant
difference that has implications for how the MZR is understood
in a physical context, which we discuss in Section 7.4. At high
mass, the direct method MZR is in good agreement with the
empirical strong line calibration MZRs, but the theoretical T04,
Z94, KK04, and KD02 strong line calibration MZRs are offset to
higher metallicities by ∼0.3 dex at log(M⋆) = 10.5, the highest
mass stack with detected auroral lines. Figure 10(b) shows the
direct method MZR in relation to the scatter of the T04 MZR.
The direct method MZR is slightly below the median T04 MZR
at log(M⋆) = 8.5, crosses the 16th percentile at log(M⋆) =
9.0, and drops below the second percentile at log(M⋆) = 9.9.
Formally, the direct method MZR has a scatter of σ = 0.05 dex,
but this value is not directly comparable to the scatter in the T04
MZR because stacking effectively averages over all galaxies in
a bin, which erases information about galaxy-to-galaxy scatter.

At low masses (log[M⋆] = 7.4–8.9; i.e., below the turnover),
the direct method MZR scales as approximately O/H ∝ M⋆

1/2.
While a comparison over the same mass range is not possible for
the T04 MZR, its low mass slope, as determined from log(M⋆) =
8.5–10.5, is shallower with O/H ∝ M⋆

1/3. The discrepancy in
the low mass slopes between the direct method and the T04
MZRs could be reasonably explained by the difference in the
mass ranges over which the slopes were measured if the MZR
steepens with decreasing stellar mass (cf. Lee et al. 2006).

12
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• 15 fields with the brightest QSOs in 
the sky 2.5 < z < 2.9 at the Peak 
Epoch of Star Formation

• HIRES QSO spectra
• 7 km/s resolution
• S/N 50 – 200 (Lyα)

• Large Galaxy Redshift Survey
• >2300 galaxies with Keck/LRIS
• >1100 galaxies with Keck/MOSFIRE

• ~400 with J, H, and K bands
• >900 with CGM constraints

• Focus on 8 galaxies probed @ R<Rvir

The Keck Baryonic Structure Survey

GCR+ 2012a
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• 0.25 L* < L < 3 L*
• 30 Myr < Age < 3 Gyr
• SFR ~ 3-300 M¤/yr
• 109 < M* < 1011 M¤

• <MDM> ~ 1011.9 M¤

• Virial Radius  ~ 90 kpc

The KBSS Galaxy Sample

Trainor et al. 2012; Reddy et al. 2008; Strom et al. 2017

Strom
 et al. 2017
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The High-Redshift CGM:

What does the CGM look like?
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• Low and high ions have 
different kinematic 
structure from the highest 
ionization species OVI 

• OVI absorption is found in 
the same velocity range 
and lower ionization gas 
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How large are gas clouds 
in the CGM?

75 kpc
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How large are gas clouds 
in the CGM?

© 1987 Nature  Publishing Group
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A new case of gravitational lensing 

J. Surdej*, P. Magaint, J.-P. Swings*, U. Borgeest:j:, 
T. J.-L. Courvoisier§, R. Kayser:j:, K. I. Kellermannll, 
H. Kiihr,r & S. Refsdal:j: 

* Institut d'Astrophysique, Universite de Liege, Avenue de Cointe 5, 
B-4200 Cointe-Ougree, Belgium 
t European Southern Observatory, Casilla 19001 Santiago 19, Chile 
t Hamburger Sternwarte, Gojenbergsweg 112, 
D-2050 Hamburg 80, FRG 
§ ST-ECF, European Southern Observatory, 
Karl-Schwarzschild Strasse 2, D-8046 Garching bei Miinchen, FRG 
II National Radio Astronomy Observatory, Edgemont Road, 
Charlottesville, Virginia 22903-2475, USA 
,r Max-Planck-Institut fiir Astronomic, Konigstuhl, 
D-6900 Heidelberg 1, FRG 

Even before the discovery of the first gravitational lens system1 in 
1979 (see ref. 2 for a recent review of the other published candi-
dates), it was recognized that a statistical evaluation of the occur-
rence of gravitational lensing within a well-defined sample of 
quasars is Important to understand better the quasar luminosity 
function and possibly the QSO phenomenon itself3, to test cosmo-
logical models4·s and to probe the luminous and dark matter 
distribution on various scales in the Universe-. A year ago, we 
began a systematic search from the European Southern Observa-
tory (ESO) at La Silla, Chile, for gravitational lens systems in a 
selected sample of highly luminous quasars; Mv < -29.0. These 
objects are promising candidates for gravitationally lensed QSO 
images with arc-second and sub-arc-second separations (J.S. et 
al., manuscript in preparation and refs 7 and 8). Since December 
1986, we have identified four possible cases. Here we give a brief 
description of our first identified gravitational lens system 
UM673 = Q0142- 100 = PHL37039-11

• It consists of two images, 
A (mR = 16.9) and B (mR = 19.1), separated by 2.2 arcs at a 
redshift Zq = 2.719. The lensing galaxy (mR == 19, Zr.== 0.49) has 
also been found. It lies very near the line connecting the two QSO 
images, -0.8 arcs from the fainter one. Application of gravita-
tional optometry to this system leads to a value M0 == 2.4 x 1011 

M0 for the mass of the lensing galaxy and to .1t=:: 7 weeks for 
the most likely travel-time difference between the two light paths 
to the QSO (assuming H 0 =75kms- 1 Mpc- 1, q0 =0). 

Our optical search for gravitationally lensed highly luminous 
quasars (HLQs) is being performed with a charge-coupled 
device (CCD) camera at the Cassegrain focus of the ESO/MPI 
(Max-Planck Institut) 2.2-m telescope. The selected HLQs are 
first observed through narrow-band _filters chosen to isolate 
bright redshifted emission lines (Lya or occasionally C m) as 
well as nearby continua in order to search for lensed QSO image 
candidates at moderate angular separations (2: 1 arcs). Taking 
advantage of the large dynamic range of the CCD detectors and 
of the excellent resolution of the 2.2-m telescope under optimal 
seeing conditions, we are able to resolve secondary images up 
to 4 magnitudes fainter than the primary one at angular separ-
ations near 1.1-1.3 arcs. We show in Fig. la the central part of 
a direct CCD frame obtained for UM673 on 6 December 1986 
with the ESQ faint object spectrograph and camera {EFOSC)12 

at the f/8 Cassegrain focus of the ESQ 3.6-m telescope. The 
CCD image was taken during a 2-min exposure through a Bessel 
R filter, and it clearly shows that UM673 is spatially resolved 
into two star-like images A (mR = 16.9) and 8 (mR = 19.1), 
separated by 2.2 arcs. The diffuse object labelled D in Fig. la 
is a galaxy in the field of the CCD. 

Low dispersion spectra of UM673 A and 8 covering several 
spectral ranges from 3,660 to 10,000 A were also taken with 
EFOSC at the beginning of December 1986. The 8300 spectra 
recorded in the 3,800-7,040 A wavelength interval at a resolution 
(FWHM) of -13 A are reproduced in Fig. 2. Further description 

" :::, 
;: 

Fig. 1 a, The central part of a CCD frame of UM673 obtained 
with EFOSC in a 2 min exposure through a Bessel R filter on 6 
December 1986. The highly luminous quasar is resolved into two 
quasi-stellar images A (mR = 16.9) and B (mR = 19.1) separated by 
2.2 arcs. b, The result of subtracting the images of UM673 A and 
B from the original frame (a) after modelling their shapes with a 
double gaussian profile. The residual image is that of the lensing 
galaxy (mR = 19) at a redshift zL =0.49. Object D maybe a member 
of an associated cluster of galaxies. On both these figures, the size 
of a single pixel is 0.338". North is up and East to the left. Courtesy 

900 

£soc 

NV 

Lyn"-- I 

of ESO. 

si 1v101v] CIV 

1..880 S,,.20 ~960 
Wavelength !ii) 

UM673 B 

UM673 A 

6,500 1,0,0 

Fig. 2 The B300 low-dispersion spectra of UM673 A and B 
observed in December 1986 with EFOSC at the f/8 Cassegrain 
focus of the ESO 3.6-m telescope. The spectrum of UM673 B has 
been multiplied by a factor 8.8 and offset by 400 units in ordinate. 
In this and the next figure, the ordinates refer to a relative flux 
scale and the abscissae correspond to wavelengths in angstroms. 

of the instrumental setting and reduction and analysis of these 
and additional spectroscopic data will be published elsewhere. 
A careful comparison of the redshifts (zq(A) = zq(8) = 2.719 ± 
0.001), derived from the Lya + N v, Si 1v/O 1v] and C IV 
emission lines, as well as the perfect superposition achieved 
between the broad emission line (see the peculiar Lya + N v 
blend) and narrow absorption line profiles in the spectra of 
UM673 A and 8 clearly establish an exceptional physical simi-
larity between the two QSO images. It is therefore suggested 
that UM673 A and B are the gravitationally lensed images of a 
single distant quasar. This assertion is further supported by the 
result of a cross-correlation between the 8300 spectra which 
leads to a velocity difference ~v = -24± 109 km s-1 between the 
QSO images A and B. 

Furthermore, the spectrum of UM673 8 presents a small but 
clear excess of continuum radiation at wavelengths 2:5800 A. 

Galaxy Q0142-BX182 
z=2.4

75 kpc

400 pc at z=2.4

75 kpc
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The size of absorbing clouds are typically small 
(<400pc) in all but OVI absorbers
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Consistent with lower-ionization 

gas being small clumps 

embedded in a warmer volume-

filling wind
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The small sizes of CGM clouds presents an 
enormous challenge for simulations, but novel 
approaches appear promising for future direct 

comparisons with observations.

Schneider+ 2018

3336 D. Fielding, E. Quataert and D. Martizzi

Figure 5. Vertical slices through the !g = 30 M⊙ pc−2, Mcl = 104.5 M⊙, "x = 1 pc turbulent stratified simulation showing from left to right the temperature,
number density, outflowing velocity (v⃗ · ẑ, positive means leaving the box), and the cooling/heating rate (positive means losing energy) at t = 3 Myr, prior to
breakout, and near tSN at t = 23 Myr, well past the initial breakout, in the top and middle rows, respectively. The bottom rows show zoomed-in patches on
a region above the disc that exhibits significant cold cloud entrainment – these clouds are also growing due to cooling of the enhanced cooling of the hotter
medium in their wakes.

MNRAS 481, 3325–3347 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/481/3/3325/5092623 by C
arnegie O

bservatories user on 03 January 2019

velocity slice supports this interpretation. The relocation of the
clusters every 15Myr is also correlated with more shell
formation, as would be expected when the new outflow regions
interact with the old. For example, the large shell at ∼4–5 kpc
seen most clearly in the 25Myr temperature slice (Figure 4)
was generated when the clusters were relocated at 20Myr.

As described in Section 2, we ramp down the feedback in the
simulations between 40 and 45Myr, allowing us to additionally
characterize the outflow during a state with lower mass loading.
We have chosen 60Myr as a representative time to display the
low mass-loading state, presented for Models B and C in
Figures 5 and 6, respectively. We omit additional temperature

Figure 5. Density, radial velocity, and temperature slices for the central feedback simulation with cooling (Model B) during the low mass-loading state. The hot wind
is now too low in density for cooling to be efficient at small radii, and the increased speed has also decreased the advection time, so no cooling radius is expected.

Figure 6. Density, radial velocity, and temperature slices for the clustered feedback simulation (Model C) during the low mass-loading state. As in the central
feedback model, the hot wind now remains hot at all radii, but clumps of dense, cool gas that were lofted into the outflow at earlier times remain, and some additional
cold material continues to be blown out as rotating disk gas interacts with the clusters.

7

The Astrophysical Journal, 862:56 (15pp), 2018 July 20 Schneider, Robertson, & Thompson
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What are the physical conditions of 
gas in the CGM?

What does this tell us about 
accretion and outflows?
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Thermal and Turbulent Broadening

GCR+ 2019

Thermal Turbulent

The width of absorption lines encodes 
the gas temperature and turbulence. 
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Gas Temperatures within Rvir
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Gas Temperature

GCR+ 2019

• The median temperature for the 
sample (including upper limits) 
is T ≤ 104.5 K

• ~half of the absorbers have 
intermediate temperatures 
– 104.5 ≤ T ≤ 105.5 K

• Most of the (detected) gas is 
hotter than the IGM and cooler 
than Tvir

• Intermediate temperature gas 
cools rapidly, so its persistence 
requires constant reheating or 
replenishment of the warm gas 
phase
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Gas Temperatures and 
Turbulent Velocities within Rvir

GCR+ 2019
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G
C

R
+ 2019 

The internal energy of the detected gas is 
dominated by thermal energy

Gas Temperatures and 
Turbulent Velocities within Rvir
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G
C

R
+ 2019 

The internal motions within 
CGM ‘clouds’ are subsonic

Gas Temperatures and 
Turbulent Velocities within Rvir
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Physical State of High-z CGM Gas

• Gas exists at a wide range of 
temperatures
– Broadly consistent with paradigm of cold flows 

+ hot gas from outflows or virial shocks

• Kinematics and Chemical enrichment of 
hot gas is needed to disentangle 
processes
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Can we detect inflows 
and outflows in the CGM?

What can the CGM kinematics 
tell us about feedback?
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Redshift Space Distortions

Peacock et al. 2001
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Redshift Space Distortions

Peacock et al. 2001
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Hydrogen

GCR+ 2012a and Rakic+ 2012
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Redshift Space Distortions:
Gas Kinematics

Metals

HI and Metals show coherent inflow on Mpc scales
Large peculiar velocities at small scales suggestive of outflows
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Most KBSS galaxies have unbound metal-
enriched gas within 100 kpc and 1000 km/s
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Unbound Halo 
Gas

G
C

R
+ 2019 • Appears most often in high 

ions (CIV, SiIV, NV, & OVI)
• Not commonly associated 

with high-NHI gas
• Gas is likely highly ionized, 

metal rich, or both
• For 5 galaxies with unbound 

CIV, 20% of NCIV is unbound

• If this gas is due to outflows, 
it represents metal-enriched 
material that would be 
permanently removed from 
the galaxy.

Low Ions

Intermediate

Ions

High Ions

High NHI
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Furthering our understanding 
of the High-Redshift CGM

• Model the ionization conditions within these 
high-redshift CGM clouds
– Measure metallicities and constrain masses

• Connect with lower-redshift CGM 
observations
– The Cosmic Ultraviolet Baryon Survey (CUBS)
– HST Cycle 25 Large GO program to study the 

CGM at 0.4<z<0.8 during the turn down of cosmic 
Star Formation

NASA

NASA/ESA
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Prospects for the Future: MIRMOS

• Increase the sample of high-z galaxies with absorption line probes
• Study the CGM in rest-optical emission lines

A. Newman et al Astro2020 white paper
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Prospects for the Future: GMT & TMT

• Resolve the CGM with thirty-meter class telescopes and connect to 
resolved studies of galaxies
– Background galaxies with high spatial density can be used to map the 

CGM of individual galaxies

3 Mpc

600 kpc

3 kpc

TMT
IRIS

JWST
NIRSpec

GMT
GMTIFS

See A. Newman et al, Rudie et al, 

H.-W. Chen et al Astro2020 white papers
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Conclusions
• Cool and warm metal-bearing gas ‘clouds’ in the CGM 

are small (<400pc) while the likely hotter OVI-bearing 
gas appears to be more volume filling
– Consistent with a picture where hot outflowing winds carry 

along or seed the formation of cooler dense clumps

• Gas in the CGM exhibits a wide range of temperatures
– Broad agreement with theoretical paradigm of cold flows + 

outflows/accretion shocks
– Gas at intermediate temperatures have a short cooling time 

so the CGM must be constantly heated or cooling to form 
this gas

• Gas Kinematics shows evidence of inflows and 
outflows
– 70% of galaxies with detected metals have unbound gas
– Unbound gas appears to be more highly ionized and 

potentially metal rich

NASA

NASA/ESA

NASA

van de Voort + 2011


