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Observing Baryons within the 
Cosmic Web• Improved theoretical picture of the 

large scale filamentary structure of 
the universe and the mechanisms 
by which baryons are transported 
into and out of galaxies

• Observational goals are to: 

➡ trace the baryons within the 
cosmic web of dark matter

➡ probe how gas is accreting, 
getting enriched, being 
expelled, or becoming part 
of bound structures

➡ investigate the formation of 
galaxies and galaxy groups/
clusters within this larger 
cosmological context

Image Credit: VIRGO Consortium/University of Durham



Giant Lya Nebulae

Credit: M. Prescott & A. Dey 2010

40 kpc

Credit: NASA/CXC/SAO

80 kpc

• Giant Lya nebulae (or Lya “blobs”) 
are highly energetic phemonena 
(~1044 erg/s), spanning enormous 
spatial extents (~100 kpc)

• Opportunity to study galaxy formation in 
action and to probe conditions in the 
surrounding diffuse gas reservoir out to 100 
kpc scales

• Studying these rare individual systems in 
emission nicely complements absorption line 
work and statistical/stacking analyses



Outline
Gas Kinematics in Giant Lya Nebulae

➡ gas motions at the outskirts of active galaxy formation regions

➡ implications for the powering mechanism, gas enrichment and 
physical conditions, and where gas is coming from

Galaxy Formation in Giant Lya Nebulae

➡ spatial distribution of galaxies relative to the diffuse gas

➡ implications for the powering mechanism, evolutionary state, and 
what system will eventually turn into



Dey et al. 2005

Credit: M. Prescott & A. Dey 2010

• Using deep spatially resolved 
spectroscopy we can study gas 
kinematics encoded in the 
emission lines

• Presents a well-known 
problem: how can we 
decipher kinematics based on 
the Lya emission line?

Gas Kinematics in 
Giant Lya Nebulae

40 kpc



• Lya is a powerful observational tool, but it 
undergoes resonant scattering

• Optical depth for Lya photons is extremely high 
(e.g., Verhamme et al. 2006):

• For typical column densities (NH~1020 cm-2), 
Lya scatters ~107 times in a static medium

• Lya photons either escape if they scatters into 
line wing or are destroyed due to absorption by 
dust

• Lya emission line profile altered by the column 
density, kinematics, temperature, dust content, 
and geometry of the surrounding gas 

• In addition, IGM absorption may suppress the 
blue side of the emission line further

The Complexity of Lya

Image Credit: David Jewitt

Rhoads et al. 2003



• Substantial theoretical effort has gone into modeling Lya radiative transfer                                  
(also Neufeld 1990, Loeb & Rybicky 1999, Ahn 2004, Zheng & Miralda-Escude 2002, Hansen & Oh 2006, Tasitsiomi 2006, etc.)

Verhamme et al. 2006

Faucher-Giguere et al. 2010

Cantalupo et al. 2005

➡ models predict complex 
line profiles and many 
degeneracies

➡ uncertainty surrounding 
how much IGM 
absorption will affect 
profile depending on 
kinematics of system



Wilman et al. 2005

Outflow!

Dijkstra et al. 2006b

Inflow!

Verhamme et al. 2006

Static?

• Confusion due to lack of constraint on the systemic velocity

➡ Conflicting results 
based on analysis of 
Lya emission alone



Lya

Ha

• Need an optically thin line to 
measure systemic velocity and 
intrinsic linewidth in the absence 
of complicated radiative transfer

➡ H-alpha (see Yang et al. 2011)

➡ HeII-1640 (“Ha” of HeII)

HeII

• Focus on most robust predictions: 

➡ Outflows/inflows yield redshifted/
blueshifted Lya relative to systemic

➡ Complex profiles will tend to broaden 
Lya relative to intrinsic



Lya HeIICIV CIII]

• Comparison of Lya and optically thin HeII probes the kinematics of the 
*extended gas* within a Lya nebula for the first time:

➡ is Lya line redshifted/blueshifted relative to HeII, overall or as a function of position?

➡ is Lya line broader than HeII, overall or as a function of position?

• Discovered a Lya nebula at z~1.7 with 
spatially extended Lya and HeII

Probing Spatially-Resolved 
Gas Kinematics

Prescott et al. 2009

PRG1 - z~1.7

Prescott, Martin, et al. in prep.





Preliminary Results

• Lya and HeII are relatively narrow and comparable in linewidth (sigma~400-500 km/s)

• Lya only slightly redshifted relative to HeII (dV~71 km/s)

• No evidence for infall and only mild outflow speeds allowed, similar to previous work 
(Yang et al. 2011)

• Lya and HeII track each other remarkably well across the entire 80 kpc nebula

• In contrast to expectations from complex radiative transfer predictions, in this region Lya 
appears to be... simple!?

Lya HeIICIV CIII]

Prescott, Martin, et al. in prep.



What does this mean?

• Lya is not substantially broadened or offset spatially or in velocity

➡ it is behaving as if radiative transfer effects are minimal

• Simplest interpretation: Lya and HeII originating from a similar process and 
spatial location

➡ e.g., both being produced in situ within the extended nebula rather 
than Lya being scattered from a central source off expanding shell

• This has implications for the underlying powering mechanism for Lya:

➡ consistent with photoionization by AGN or star formation

➡ may disfavor scattering halos, fast superwind outflows, infalling cold 
gas 



• Detection of spatially extended [OII] for 
the first time in a Lya nebula plus strong 
limits on a host of other lines

• Constrains metallicity, physical 
conditions, and ionization state of the 
diffuse gas

• Provides clues to prior gas processing 
and where gas is coming from

Groves et al. 2004

[OII]

Lya HeIICIV CIII]

Prescott, Martin, et al. in prep.

11 arcsec - 94 kpc 7.4 arcsec = 63 kpc

3.4 arcsec = 29 kpc



Credit: M. Prescott & A. Dey 2010

Credit: NASA/CXC/SAO

Galaxy Formation in 
Giant Lya Nebulae

• Giant Lya nebulae are dramatic episodes of 
ongoing galaxy formation

• What is the spatial distribution of the forming 
galaxy population relative to the diffuse gas?

40 kpc

80 kpc



Resolving Galaxies within a Lya Nebula

Prescott et al. 2012b

• Studying the galaxy 
population within 
giant Lya nebulae 
requires: 

➡ high resolution 
imaging

➡ a means of 
determining the 
membership of 
galaxies within the 
system

• Used multi-band HST/
ACS+NICMOS 
imaging of a Lya 
nebula at z~2.7 
(LABd05)



Galaxy Distribution is Highly Asymmetric

Prescott et al. 2012b

• System hosts a large 
number of galaxies 
that are highly offset 
(>20 kpc) from the Lya 
nebula

• No central galaxy

• Has implications for 
what processes could 
be responsible for Lya 
nebula

• Suggests a 
dynamically young 
and unrelaxed system, 
perhaps early in the 
formation of a galaxy 
group?



• How common is this offset morphology?

• Most of the existing HST datasets covering Lya nebulae lack the constraints above the 
Balmer break needed to estimate membership

• Have a current Cycle 19 HST/WFC3 program to image a sample of “low redshift” (z<2.5) 
Lya nebulae for which we can constrain galaxy membership

Building a Larger Sample



Brand new WFC3 data!

• Many compact galaxies, no visible central galaxy coincident with the Lya nebula

• Suggests offset morphology could be relatively common in Lya nebulae

F606W F140W

50 kpc



Summary

• Giant Lya nebulae offer a unique and complementary window into gas 
kinematics at the interface between the cosmic web and the galaxies forming 
within it

• Spatially resolved spectroscopy is providing clues to the motions of the gas 
within Lya nebulae, showing evidence for simple radiation transport and only 
mild kinematics

• Will be able to constrain the enrichment, physical conditions, and ionization 
state of gas throughout the nebula, with implications for where gas is coming 
from

• Using high resolution imaging to study spatial distribution of galaxies relative 
to the diffuse gas, showing evidence for strong spatial offsets suggestive of 
relatively unrelaxed systems









• System hosts a large population of galaxies that are highly offset from the Lya nebula

• Models that require a central or embedded source are disfavored (e.g., cold flows, 
outflows, scattering halos); consistent with AGN or SF powering of the Lya nebula itself

• Suggests a dynamically young and highly unrelaxed system, perhaps early in the 
formation of a galaxy group

Credit: M. Prescott & A. Dey 2010

40 kpc



• A few robust predictions: 

➡ Outflows yield a 
redshifted Lya peak 
relative to systemic

➡ Infall yields a 
blueshifted Lya peak 
relative to systemic

➡ Complex, multipeak 
profiles that may or may 
not be resolved/detected 
observationally should 
none-the-less result in a 
broadened Lya line 
relative to intrinsic

Lya

Ha

• Need an optically thin line to measure 
systemic velocity and intrinsic linewidth in 
the absence of complicated radiative transfer

• Ha-6563 is the obvious choice



• Yang et al. 2011 - detected Ha within 2 Lya nebulae (from embedded *galaxies only*)

• No evidence of infall, possible evidence for mild outflows (<150 km/s)

Yang et al. 2011



• dv ~ 17.4+/-6.7 km/s

• sigma ~ 155 km/s HeII, 
367 km/s Lya

• dv ~ 0 km/s

• sigma ~ 371 km/s Lya

Prescott et al. 2012a

Dey et al. 2005

PRG2 - z~2.3

LABd05 - z~2.7



Summary

• Giant Lya nebulae offer a unique and complementary window into gas 
kinematics at the interface between the cosmic web and the galaxies/AGN 
forming within

• Spatially resolved spectroscopy provides clues to kinematics of the gas within 
Lya nebulae, finding evidence for only mild kinematics and simple radiation 
transport

• Will provide constraints the gas enrichment, physical conditions, and ionization 
state throughout the nebula



Work in Progress

• Studying the galaxy content of a sample of giant Lya nebulae

• Understand how common this offset morphology is, with 
important implications for understanding powering 
mechanism behind Lya nebulae and for what stage of the 
evolutionary process they represent

• Build up ensemble properties of galaxies forming within these 
systems (e.g., LF, morphologies, sizes)

• Important context for relating gas physics to results derived 
from other high redshift populations



Varying Ionization Parameter

U ~ Q / n



• We know they reside in dense environments on 10s 
of Mpc scales

• We showed more recently that within overdense 
regions on 100 kpc scales as well

• Suggesting galaxy formation in massive halos 
capable of hosting galaxy groups/clusters



• Observational claim of a “cold flow” Lya 
nebula at z~3.2 (Nilsson et al. 2006)

• Claim based entirely on the lack of 
continuum counterpart within Lya nebula

• However, many compact galaxies are 
located within R<7” (projected), similar to 
our results

Lya

V
Nilsson et al. 2006

Outflow and 
Cold Flow 

Models

50 kpc



Cold Flows, 
Outflows, & 
Scattering

• Theoretical “outflow” and “cold flow” 
models of Lya nebulae generically 
predict an embedded central galaxy 

• e.g., Mori+2004, Goerdt+2010, 
Faucher-Giguere+2010, Rosdahl+2012

• Scattering model requires a central 
source of Lya photons or a highly 
asymmetric gas distribution

Prescott et al. 2012b



• Need an optically thin line 
to measure systemic 
velocity and intrinsic 
linewidth in the absence of 
complicated radiative 
transfer

Lya

Ha

• Ha-6563 is the obvious choice



Finding Members of the System

Prescott et al. 2012b

• Bands chosen to straddle 
the Balmer/4000 break at 
redshift of the nebula

• Use simple color cut to 
select likely system 
members

• With a sample of likely members in hand, can 
study the properties of galaxies within the Lya 
nebula system



Finding Members of the System

Prescott et al. 2012b

• Likely members consistent with young ages (<100 
Myr) and mild to moderate dust extinction 
(0.1-0.4 mag)

• Bands chosen to straddle 
the Balmer break at redshift 
of the nebula

• Use simple color cut to 
select likely system 
members



Many small, disky 
galaxies...

• Typical effective radii of 
1-2 kpc

• Exponential disk 
morphologies

Prescott et al. 2012b



... with low luminosities.

• Approximate 
“Luminosity 
Function” for galaxies 
within the Lya nebula 
system

• System dominated by 
low luminosity 
galaxies

Prescott et al. 2012b

~0.1 L*

Characteristic luminosity of 
galaxies at this redshift



Prescott et al. 2012b

Galaxy Distribution is Highly Asymmetric



• In any process that 
excites or ionizes 
atomic Hydrogen, e.g., 
star formation, ~2/3 of 
recombinations lead to 
Lya

• 8x brighter than H-alpha

• Brightest UV/optical 
emission line

Rhoads et al. 2003

• Strongest emission line of Hydrogen 

• Wavelength = 1215.67 A

• Einstein A = 6.265x108 s-1

The Power of Lya

Lya

Ha



Dey et al. 2005

Credit: M. Prescott & A. Dey 2010

• Velocity profile / “rotation curve”



Dey et al. 2005

Credit: M. Prescott & A. Dey 2010

• Velocity profile / “rotation curve”
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• In studying Lya nebulae, it is important to distinguish 
different aspects of the problem

➡ PAST - how did gas get here, how is it moving, and how has it been 
enriched?

➡ PRESENT - what is lighting it up?

➡ FUTURE - what will happen to it, what system will it evolve into, what 
gal will form within?



• These questions are connected

➡ understanding kinematics tells us about how gas flowing (1) but also 
impacts powering mechanism (2) and in turn improves our ability to 
decipher power source, energetics, and enrichment from emission line 
spectra

➡ understanding emission line properties as a function of position feeds 
back into understanding of gas properties (density) (1) and evolution of 
system (3)

➡ studying overall morphology can inform what gal forming and 
evolution state of system, what evolve into (3)



Probe physical 
conditions using 
detections and 
limits of other lines

Prescott, Dey, & Jannuzi 2009, ApJ, 702, 554



• Density, metallicity, ionization parameter, slope 
of the ionizing continuum

• Need other emission lines from the extended gas 
- ideally the usual suspects (i.e., [OII], Hb, 
[OIII], Ha, [NII])

• Need to do photoionization modeling

Credit: M. Prescott & A. Dey 2010

Credit: NASA/CXC/SAO

Lya Nebulae
- Physical 

Conditions?



•To probe kinematics and physical 
conditions within Lya nebulae, we need 
other emission line tracers of the extended 
gas

z=1.5

[OII] Hb [OIII] Ha



z=1.6



z=1.7



z=1.8



z=1.9



z=2.0



z=2.1



z=2.2



z=2.3



z=2.4



z=2.5



z=2.6



z=2.7



z=2.8



z=2.9



z=3.0



z=3.1



•Got lucky!  

•Discovered PRG1 - a Lya nebula at 
z=1.671

PRG1  z=1.671



Extended gas detected in other lines in 

[OII]

Lya HeIICIV CIII]

Got lucky!  Twice! 

Discovered PRG1 - a Lya nebula at z=1.671



CIV, CIII], [OII] 
probe metallicity, 
density, ionization 
parameter within 
*extended gas*



Lya HeIICIV CIII]

[OII]

Can use other lines to probe metallicity, density, 
ionization parameter as a function of position in 
the nebula

[OII] detected at ~1 micron with LRIS-R!

[OII] is extended but offset from the other lines

Implies ionization parameter is varying as a 
function of position

(2) Physical conditions within a Lya nebula



Varying Ionization Parameter
U ~ Q / n

If U (ionization 
parameter) is 
varying as a 
function of 
position

Either Q (ionizing 
photon flux) or n 
(density) is 
varyingGroves et al. 2004



•Compare spatial 
profiles of emission 
lines

•Put constraints on 
Lya resonant 
scattering?

(3) Resonant scattering in a Lya nebula



•Used a multislit mask 
on LRIS

•Mask filler targets 
sampled surrounding 
environment

•Can look for 
evidence of 
overdensity of Lya 

(4) Environment and large-scale kinematics



•A previous 
example...

•LABd05 at z=2.7

Prescott et al. 2008, ApJL, 678, 77 Hong, Dey, Prescott in prep.

(4) Environment and large-scale kinematics



(4) Environment and large-scale kinematics


