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Figure 3. Tomographic reconstruction of 3D Lyα forest absorption from our data, shown in three redshift segments in 3D (top) and projected over three slices along
the R.A. direction (bottom panels). The color scale represents reconstructed Lyα forest transmission such that negative values (red) correspond to overdensities. Square
symbols denote positions of coeval galaxies within the map; error bars indicate the σv ≈ 300 km s−1 uncertainty on their redshifts. Pink solid lines indicate where
three of the skewers probe the volume, with inset panels indicating the corresponding 1D absorption spectra (top-hat-smoothed by 3 pixels) that contributed to the
tomographic reconstruction.
(A color version of this figure is available in the online journal.)

parameters that set the effective smoothing of the reconstruction
parallel and perpendicular to the line of sight, respectively,
while σF = 0.8 sets the overall correlation strength. These
parameters need to be matched to the data quality: we set
L∥ = 2.7 h−1 Mpc, roughly the comoving scale along the line of
sight corresponding to our spectral resolution element. For L⊥,
Caucci et al. (2008) suggested setting it to the typical transverse
sightline separation ⟨d⊥⟩, but we choose L⊥ = 3.5 h−1 Mpc
even though our sightline separation is ⟨d⊥⟩ ≈ 2.3 h−1 Mpc.
This is a conservative choice taking into account the low S/N
of our individual spectra. The choice of these reconstruction
parameters is somewhat arbitrary since small changes do not
qualitatively change the resulting map features, but in future
work we will discuss optimal choices for these parameters.

Our map originates at [α0, δ0] = [10h00′22.s56,
+02◦10′48.′′0], spanning [6 h−1 Mpc, 14 h−1 Mpc] in the
[xperp, yperp] directions on the sky (see the top and right axes
in Figure 1); along the line of sight, the origin is zα = 2.20 and

extends ∆χ = 230 h−1 Mpc up to zα ≈ 2.45, giving an overall
comoving volume of 6 h−1 Mpc×14 h−1 Mpc×230 h−1 Mpc =
19320 h−3 Mpc3 ≈ (27 h−1 Mpc)3. Note that our map does not
cover the region δ ! 2◦11′, where we experienced a high fail-
ure rate in spectral extraction and redshift identification due to
deteriorating observing conditions. However, the two spectra in
the excluded region are still included in the map input; given
our transverse correlation length of L⊥ = 3.5 h−1 Mpc, these
spectra (≈1.5 h−1 Mpc and ≈3 h−1 Mpc from the lower map
boundary) still contribute to the low-yperp portions of the map.

We evaluated Equation (2) to solve for the output tomographic
map, δrec

F , using a preconditioned conjugate-gradient algorithm
to carry out the matrix inversion and matrix-vector multipli-
cation (C. Stark et al., in preparation), sampling from a 3D
comoving grid with (0.5 h−1 Mpc)3 cells. For simplicity, we
assumed a fixed differential comoving distance dχ/dz (eval-
uated at z = 2.325, the mean map redshift) when setting up
the output grid. This avoids a flared map geometry, since the
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Figure 1  | Processed and combined images of the field surrounding the quasar UM287. Each image is 2 arcmin on a side and the quasar 
is located at the center. In the narrow-band (NB3985) image (panel “a”), which is tuned to the Lyman ! line of the systemic redshift for 
UM287, one identifies very extended (≈ 55 arcsec across) emission. The deep V-band image (panel “b”) does not show any extended 
emission associated with UM287. This requires the Nebula to be line-emission, and we identify it as Lyman-! at the redshift of the quasar. 
 
 

Figure 2 | Lyman-! image of the UM287 Nebula. 
We subtracted from the NB image the continuum 
contribution estimated from the broad-band 
images (see Methods). The location of UM287 is 
labeled with the letter “a”. The color map and the 
contours indicates, respectively, the Lyman-! 
surface brightness and the signal-to-noise ratio 
(S/N) per arcsec2 aperture. The extended emission 
spans a projected angular size of ≈ 55 arcsec (about 
460 physical kpc), measured from the 2% (~10−18 
erg s−1 cm−2 arcsec−2) contours. Object “b” is an 
optically faint (g~23AB) quasar at the same redshift 
of UM287 (see Extended Data Figure 2). The 
Nebula appears broadly filamentary and 
asymmetric, extending mostly on the eastern side 
of quasar “a” up to a projected distance of about 35 
arcsec (~285 physical kpc) measured from the 2% 
isophotal. The Nebula extends towards south-east 
in the direction of the faint quasar “b”. However, 
the two quasars do not seem to be directly 
connected by this structure that continues as a 
fainter and spatially narrower filament. The large 
distance between the two quasars and the very 
broad morphology of the Nebula argue against the 
possibility that it may originate from an interaction 
between the quasar host galaxies (see Methods). 

 
 
haloes of mass ~ 1012.5 M

!
 - that have a virial diameter of 

about 280 kpc at z ~ 2.3 - independently of their redshift or 
luminosity25,26. 
  The exceptionality of the Nebula is not only due to its size - 
about 460 physical kpc – but also to the fact that it is 

associated with a radio-quiet quasar. These systems have 
the smallest host halo mass (~ 1012.5 M

!
) and virial diameter 

(280 kpc) among previously detected objects and do not 
have radio-jets that may power Lyman-! emission on large 
scales27. In order to be fully contained within the virial 
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! ! ! ! !

“Imaging” a typical galaxy CGM 
(cartoon version)

cool, photoionized gas



! ! ! ! !

“Imaging” a typical galaxy CGM 
(cartoon version)

cool, photoionized gas



Bright background sources: a few options

QSOs

RQSO~10-3 pc

Shakura & Sunyaev 1973!
Frank+2007

Galaxies

M51 (NASA+ESA)

Rgal > 1 kpc!
at z~1

Stars

RB~10-7 pc



And at z~0.3-1, MgII 2796, 2803 is the transition of choice. 

Background QSO spectroscopy is ‘easy’.

Barton & Cooke 09, !
Chen+10, !
Werk+13
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What picture does this paint?!
(Recall: QSOs have RQSO ~ 10-3 pc)

100 kpc 100 kpc100 kpc



So, all we need are:

(1) Bright (g<22) blue galaxies at z~0.3-1

(2) which are also within 50 kpc (projected) of a 
foreground galaxy
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Figure 10. Left: volumes and number of unique robust redshifts for various galaxy redshift surveys to z ∼ 1. Low-redshift surveys shown include SDSS, 2dFGRS,
6dF, and LCRS; the rest are intermediate-redshift surveys. All are spectroscopic redshift surveys except for “COSMOS phot-z” (Ilbert et al. 2009), which are 30-band
photometric redshifts with ∼1% redshift precision, and COMBO-17. The symbol size reflects the depth of the survey. Right: volumes and approximate IAB limiting
magnitude for the same galaxy redshift surveys to z ∼ 1.
(A color version of this figure is available in the online journal.)

magnitude or an approximate equivalent for surveys limited
in other bands. PRIMUS is the largest-volume, intermediate-
redshift spectroscopic galaxy redshift survey undertaken to date.
The VVDS-wide survey (Garilli et al. 2008) is the only other
survey covering a comparable volume at these redshifts, though
it is ∼half a magnitude shallower and has a sample size that is
30% that of PRIMUS. As we show here, PRIMUS requires a
similar amount of total telescope time as the COSMOS 30-band
photometric redshift survey, but PRIMUS covers ∼5 times as
much area with comparable redshift precision.

The PRIMUS survey will allow for the most robust measure-
ments of galaxy properties and large-scale structure to z ∼ 1
performed to date. Initial studies include quantifying triggered
star formation in close galaxy pairs (Wong et al. 2011), studying
obscured star formation on the red sequence (Zhu et al. 2011),
and measuring the luminosity functions (R. J. Cool et al. 2011,
in preparation) and stellar mass functions (J. Moustakas et al.
2011, in preparation) of star-forming and quiescent galaxies.
The PRIMUS redshift precision of σz/(1 + z) = 0.5% allows for
clustering and environment studies, which integrate over that
amount in redshift space due to peculiar velocities of galaxies
within overdense regions. With PRIMUS we will be able to
measure the galaxy luminosity function, SFR, and stellar mass
density as a function of environment to z ∼ 1 with low cos-
mic variance errors. PRIMUS will also lead to more precise
determinations of correlation functions for galaxies and AGNs
at intermediate redshifts than has been previously measured,
due to the large survey volume spread across multiple fields on
the sky.

We will present the data reduction, redshift fitting, redshift
confidence and precision, and survey completeness for PRIMUS
in R. J. Cool et al. (2011, in preparation), to which we refer the
reader for additional details about the survey.

We acknowledge Douglas Finkbeiner, Timothy McKay, Sam
Roweis, and Wiphu Rujopakarn for their contributions to the
PRIMUS project. We thank the CFHTLS, COSMOS, DLS,
and SWIRE teams for their public data releases and/or ac-
cess to early releases. We particularly acknowledge Stefano

Berta, Carol Lonsdale, Brian Siana, Jason Surace, and David
Wittman for help with imaging catalogs. This paper includes
data gathered with the 6.5 m Magellan Telescopes located at
Las Campanas Observatory, Chile. We thank the support staff
at LCO for their help during our observations, and we ac-
knowledge the use of community access through NOAO ob-
serving time. Some of the data used for this project are from the
CFHTLS public data release, which includes observations ob-
tained with MegaPrime/MegaCam, a joint project of CFHT and
CEA/DAPNIA, at the Canada–France–Hawaii Telescope
(CFHT) which is operated by the National Research Council
(NRC) of Canada, the Institut National des Science de l’Univers
of the Centre National de la Recherche Scientifique (CNRS) of
France, and the University of Hawaii. This work is based in
part on data products produced at TERAPIX and the Canadian
Astronomy Data Centre as part of the Canada–France–Hawaii
Telescope Legacy Survey, a collaborative project of NRC and
CNRS. Funding for PRIMUS has been provided by NSF grants
AST-0607701, 0908246, 0908442, 0908354, and NASA grant
08-ADP08-0019. R.J.C. is supported by NASA through Hubble
Fellowship grant HF-01217 awarded by the Space Telescope
Science Institute, which is operated by the Associated of Uni-
versities for Research in Astronomy, Inc., for NASA, under
contract NAS 5-26555.
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That is, we need PRIMUS:
(a Magellan/IMACS redshift survey)



The PRIMUS Pairs:

All projected pairs within 50 kpc with

— background objects having g<22.3

— foreground objects having r<23, 0.35<z<1.2
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The PRIMUS foreground galaxies:



The PRIMUS galaxy pair spectroscopy

~40 pairs observed over 9 nights on Keck/
LRIS and VLT/FORS2

180 - 300 km/s FWHM resolution

cover at least f/g MgII 2796, 2803, often 
FeII 2586, 2600



The PRIMUS galaxy pair spectroscopy



The MgII-absorbing CGM, but with 
background galaxy beams.



The MgII-absorbing CGM, but with 
background galaxy beams.



The MgII-absorbing CGM, but with 
background galaxy beams.
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And, photoionization modeling of low-z 
absorbers yields consistent sizes

(but see also Crighton et al. 2014, Prochaska & Hennawi 2009…)
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Lensed QSOs offer complementary 
constraints:

1436 H.-W. Chen et al.

as an effective means of probing tenuous gas around galaxies. For
every projected galaxy and QSO pair, the background QSO serves
as a single pencil beam to explore the line-of-sight gas distribution
through the galactic halo at the projected distance where the QSO
appears.

While QSO absorption spectroscopy offers unparalleled sensitiv-
ities for uncovering low-density gas, a single QSO spectrum does
not yield a two-dimensional (2D) map of halo gas around individual
galaxies like conventional 21 cm observations (e.g. Chynoweth et al.
2008). Studies of halo gas around distant galaxies have therefore
relied on a statistical approach to characterize the spatial distri-
bution of tenuous gas in galactic haloes (e.g. Lanzetta & Bowen
1990) and to estimate a mean value of gas covering fraction (e.g.
Lanzetta et al. 1995; Chen et al. 2010a; Tumlinson et al. 2011) over
an ensemble of intervening galaxies. However, details regarding the
spatial variation of gas density and kinematics remain unknown for
individual haloes. Knowing the kinematics of halo gas revealed in
absorption-line surveys bears significantly on all effort to charac-
terize gas infall and outflows around star-forming galaxies using
absorption spectroscopy (e.g. Faucher-Giguère & Kereš 2011).

Recent galaxy survey data have revealed the ubiquitous presence
of outflows in star-forming galaxies at z > 0.7, through observations
of blueshifted Mg II λλ2796, 2803 self-absorption against the UV
light from star-forming regions (e.g. Weiner et al. 2009; Rubin et al.
2010; Bordoloi et al. 2013). Although the distance of the outflowing
material is unknown in these observations (but see Rubin et al.
2011; Martin et al. 2013, for two cases that exhibit outflowing gas in
emission out to ∼10 kpc), such finding has triggered several follow-
up studies that attribute the majority of metal-line absorbers (such
as Mg II, C IV and O VI) uncovered along random sightlines to those
high-speed outflows revealed through self-absorption of UV light
(e.g. Steidel et al. 2010; Chelouche & Bowen 2010; Nestor et al.
2011; Tumlinson et al. 2011; Werk et al. 2013). Such interpretation
naturally implies a minimal presence of gas accretion around star-
forming galaxies.

An additional empirical finding that supports the notion of a non-
negligible fraction of metal-line absorbers originating in starburst-
driven outflows is the enhanced Mg II absorption near the minor axes
and within 50 projected kpc of disc galaxies at z ∼ 0.7 by Bordoloi
et al. (2011). This finding has been followed by reports of a possible
bimodal azimuthal dependence of Mg II absorbers (e.g. Bouché et al.
2012; Kacprzak, Churchill & Nielsen 2012), attributing metal-line
absorbers observed near minor axes to outflowing gas and those
observed near major axes to infalling gas. A bimodal distribution in
the disc orientation of a Mg II-selected galaxy sample suggests that
both gas infall and outflows contribute comparably to the absorber
population. It also suggests that the physical origin of an absorber
can be determined if the disc orientation is known. However, the
velocity field of outflows/accretion is not known and such report
has also raised new questions.

For example, a natural expectation for absorption lines produced
in outflows is that the observed velocity profile depends on the in-
clination of the star-forming disc, with the largest velocity spread
expected when looking directly into a face-on star-forming disc
(e.g. Gauthier & Chen 2012). While such inclination-dependent ab-
sorption width is clearly seen in the self-absorption of galaxy UV
light (e.g. Bordoloi et al. 2013; Kornei et al. 2012), it appears to be
weak or absent among random absorbers found in transverse direc-
tion from star-forming galaxies (e.g. Bordoloi et al. 2011; Bouché
et al. 2012). The lack of correlation between absorber width and
disc inclination appears to be discrepant from the expectations of
an outflow origin. In addition, galactic-scale outflows in local star-

bursts are observed to follow the path of least resistance along
the polar axis (e.g. Heckman, Armus & Miley 1990). If this fea-
ture also applies to distant star-forming galaxies, then known disc
orientation and inclination allow us to deproject the observed line-
of-sight velocity distribution along the polar axis and examine the
energetics required to power the outflows. Gauthier & Chen (2012)
showed that if the Mg II absorbers observed at ρ > 7 kpc from
star-forming galaxies originate in outflows, then either the outflows
are decelerating (inconsistent with the interpretation of blue-shifted
absorption tails by Martin & Bouché 2009; Steidel et al. 2010) or
there needs to be additional kinetic energy input at >10 kpc beyond
the disc plane. Finally, Chen (2012) showed that both the spatial
extent and mean absorption equivalent width of halo gas around
galaxies of comparable mass have changed little since z ≈ 2.2, de-
spite the observations that individual galaxies at z ≈ 2 on average
were forming stars at >20 times faster rate than low-redshift galax-
ies (Wuyts et al. 2011). The constant spatial profile in absorption
around galaxies of disparate star formation properties is difficult to
reconcile, if these absorbers originate primarily in starburst-driven
outflows. Consequently, the origin of halo gas revealed in absorption
spectroscopy remains an open question and to fully understand the
origin and growth of gaseous haloes around galaxies requires new
observations.

To go beyond the traditional one-dimensional application of QSO
probes, we have targeted two intermediate-redshift galaxies in the
field around the quadruply-lensed QSO HE 0435−1223 at z = 1.689
(Wisotzki et al. 2002) and searched for absorption features in
the spectra of individual lensed QSO images that are associated
with the galaxies. The four QSO images are separated by ≈1.6–
2.5 arcsec (Fig. 1) and serve as a natural integral field unit for
mapping the kinematics of halo gas around individual galaxies in

Figure 1. Optical composite image of the field surrounding HE0435−1223
made using the HST/WFC3 UVIS channel and the F275W filter, and ACS
WFC and the F555W and F814W filters. The four lensed images (ABCD)
of the background QSO at z = 1.689 are well resolved from the lens at
zlens = 0.4546 with a maximum angular separation of AC = 2.5 arcsec.
Galaxies, G1 and G2, are spectroscopically identified at z = 0.4188 and
z = 0.7818, respectively (see Section 3 for discussion).
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determine the total stellar mass of G2. While the apparent red colour
of G2 in Fig. 1 indicate little on-going star formation, an accurate
estimate of the total stellar would require rest-frame optical and
near-infrared colours. Adopting the same mass-to-light ratio from
G1 leads to M∗ ≈ 8 × 1010 M⊙ and Mh ∼ 5 × 1012 M⊙ for
G2. Finally, we constrain the on-going SFR based on the observed
UV flux in the F275W band and derive an unobscured SFR of
>0.8 M⊙ yr−1 for G2.

A summary of the optical properties of G2 is presented in the
second row of Table 1. We conclude that G2 at z = 0.7818 is a
massive, super-L∗ galaxy with spectroscopic properties similar to
quiescent star-forming galaxies at z = 0.5−1 (e.g. Poggianti et al.
2009).

4 V E L O C I T Y M A P S O F G A S E O U S H A L O E S

The available HST images have yielded important constraints for
both the photometric and morphological properties of galaxies G1
and G2. The next step is to analyse the absorption profiles revealed
along multiple sightlines, in order to establish a spatially resolved
velocity map of absorbing clouds in the galactic halo.

The absorption-line analysis is, however, complicated due to a
mixed spectral quality in the available data. As described in Sec-
tion 2.3, MIKE echelle spectroscopy was carried out for QSO sight-
lines A, B and C, while MagE echellette observations were carried
out for QSO sightlines A, C and D during two different observing
periods. The native spectral resolutions offered by MIKE and MagE
are ≈10 and ≈70 km s−1, respectively. In addition, because the QSO
images are fainter than the nominal source brightness for attempting
MIKE spectroscopy, we adopted heavy binning during readout to
increase the observation efficiency. As a result, we are able to sep-
arate individual absorbing components separated by !10 km s−1 in
the MIKE spectra, but we are unable to resolve individual resolution
elements. For absorption spectra obtained with MagE, we cannot
resolve features on scales <70 km s−1. The expectation is that while
fluctuations on small velocity scales along a single line of sight may
be lost due to heavy binning or low spectral resolution, large-scale
velocity gradient across different lines of sight can still be resolved.

In this section, we first describe the procedures developed for
analysing the undersampled absorption spectra. The results from
individual sightlines are then combined to establish a crude 3D
velocity map for the gaseous haloes around G1 and G2, which are
described in the subsequent sections.

4.1 Analysis of absorption profiles

A Mg II absorber is detected in every sightline through the halo of
each of the two galaxies in our study. The absorber strength observed
in these galaxies is typical of what is seen in previous close QSO–
galaxy pair studies (e.g. Chen et al. 2010a,b). We focus our analysis
on the observed Mg II absorption doublet, because these are the
strongest transitions that can be observed in the optical echelle data
and because in nearly all four sightlines these are the only transitions
that are detected at >10 σ level of significance. Given that only Mg II

absorption is observed, we cannot obtain direct constraints for the
physical properties of the gas. In the following analysis, we infer a
mean gas metallicity based on the empirical metallicity–Wr(2796)
relation of Murphy et al. (2007; see also Ledoux et al. 2006), and
assume an ionization fraction of fMg+ = 0.1 based on a simple
ionization model presented in Chen & Tinker (2008).

For G1, we have MIKE spectra available for sightlines A, B
and C and MagE spectra available for D for a complete four-point
mapping of its gaseous halo as offered by the quad-lens system. For
G2, however, the associated Mg II absorption doublet occur near the
cross-over wavelength of the dichroic in MIKE, where the signal-
to-noise ratio (S/N) of the data is particularly poor. Consequently,
only MagE spectra of A, C and D are available for mapping the
gaseous halo of G2.

To account for the mixed spectral quality and derive a robust
velocity map, we develop custom computer programs for analysing
the observed absorption profiles. The primary goal of our analysis
is to obtain an accurate map of the velocity field across different
sightlines.

We first characterize the observed absorption along each sightline
as due to discrete clouds. Under this scenario, we generate a model
absorption profile based on the sum of a minimum number, nc, of
Voigt profiles necessary to explain the observed kinematic signa-
tures. The model depends on a set of free parameters, including
for each component the velocity offset with respect to the systemic
redshift of the galaxy, ("vc), the Mg II absorption column density,
log Nc(Mg II), and Doppler parameter, bc, necessary to define the
Voigt profile. We then convolve the model profile with a Gaussian
function that is appropriate for simulating the instrument resolution
offered by MIKE/MagE. We bin the convolved model spectrum to
match the size of the spectral pixel in the data. We then compare
the binned model spectrum with the observed absorption spectrum

Figure 4. Mg II λλ2796, 2803 absorption profiles along four different sight-
lines through the halo around the L∗ galaxy G1 at z = 0.4188. Zero relative
velocity corresponds to the systemic redshift of the galaxy. In every panel,
the continuum normalized absorption spectrum is shown in black solid
histograms with contaminating features dotted out for clarification, and the
corresponding 1σ error spectrum is shown in thin cyan. The absorption spec-
tra of A, B and C are from the high-resolution MIKE observations, while the
spectrum of D is from MagE (Section 2.3). The red spectrum shows the
best-fitting model (with a reduced χ2 ≈ 2), which takes into account the in-
strument resolution and pixel binning during readout (Section 4.1). The Mg II

absorption doublet is generally characterized by a dominant component near
the systemic velocity, which is followed by secondary absorbing compo-
nents at ∼100 km s−1 in the red. Such kinematic signatures apply to all four
sightlines separated by 8−10 kpc in projected distances, and only a rela-
tively small velocity shear (between "v ≈ 20 km s−1) is seen across these
different sightlines.
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43 kpc

9 kpc
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100 kpc

And, these structures are on the verge of 
being resolved… 

If N(MgII) > 1014 cm-2

At solar metallicity (and with no 
ionization correction)

N(H) > 1018.5 cm-2

If cloud is 1 kpc3, Mcloud ~ 2.5 x 104 Msun

1012 Msun FIRE halos have particle mass of ~ 104 Msun

(Hopkins, Keres, Onorbe, CAFG et al. 2014)



1. Background galaxies 
offer some of the first 
direct constraints on 
the size of cool CGM 
“clouds” 

Conclusions

! ! ! ! !

2. They are 
coherent over > 1 
kpc (within 50 kpc 
of bright galaxies)


