
Bottom	lines

References

Acknowledgements
SJ and SPO are supported by NASA grant 
NNX12AG73G, NNX15AK81G and HST-
AR-14307.002. This research has used the 
Extreme Science and Engineering Discovery 
Environment (XSEDE allocations TG-
AST140086). We have made use of NASA's 
Astrophysics Data System and the yt 
astrophysics analysis software suite.

The	Impact	of	Magnetic	Fields	on	Thermal	Instability  
——	how	do	galaxy	halos	make	their	cold	gas?

Suoqing	Ji,	Michael	McCourt,	Peng	Oh	(UCSB)

Simulations

Approaches

Backgrounds
➢ Milky-Way-like galaxies are found to be filled with large quantities of cold gas, which 

extends up to galactic virial radius 
➢ Cold gas is provided as fuel for galaxy formation, thus is essential for galactic 

feedback

➢ Magnetic fields can enhance thermal 
instability significantly 

➢ Even very weak magnetic fields can modify 
the topology of multi-phase structure — 
further study is needed 

➢ Strong magnetic field with galaxy cooling 
curve leads to large density fluctuation, 
which seems to be independent of te  ratio of 
cooling time to free fall time
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No B-field: internal gravity wave only Weak B-field: Significant topological change of 
density fluctuation

Strong B-field with cluster cooling function: density 
fluctuation enhanced by one order of magnitude

`
`

Strong B-field with galaxy cooling function: density 
fluctuation magnitude independent of cooling time?

➢ Plane-parallel approximation with symmetric domain about            plane, with vertical constant gravity 
➢ Horizontal B-fields with cooling functions of                   for galaxy clusters and                  for galaxies⇤0n
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➢ Thermal instability in a stratified medium, which has been applied to ICM, might also 
be a promising mechanism for cold gas generation in galaxy halos 

➢ In hydrodynamics, the critical parameter is the ratio of the cooling time to the free-fall 
time, with                          for instability
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➢ Since magnetic fields become important in galaxy halos (~1 - 10 µG), studying the 
impact of magnetic fields on thermal instability is indispensable to investigate the 
formation of cold gas
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Puzzles
➢ Formation: what’s the origin of multi-phase gas in galaxy halos? 
➢ Stability: given that the cold gas is expected to be two orders of magnitude 

underdense than its surroundings, how can it exist? 
➢ Sinking problem: how to keep cold, dense gas at large radii and prevent it from 

sinking into galaxy center? 
➢ Magnetic field: how does magnetic field play a role here with          in galaxy 

halo?

Volume rendering of density fluctuation in the 
case of strong B-field and galaxy cooling function

the wavelength of Lya at the f/g quasar redshift
z = 2.0412 (central wavelength = 3700 Å, full
width at half maximum = 33 Å), and imaged the
field with the Keck/LRIS imaging spectrometer
for 3 hours on UT 12 November 2012. The com-
bined and processed images reveal Lya emission
from a giant filamentary structure centered on
the f/g quasar and extending continuously toward
the b/g quasar (Fig. 1). This nebulosity has an
end-to-end size of 37′′, corresponding to 310 kpc,
and a total line luminosity LLya = 2.1× 1044 erg s−1,
making it one of the largest and brightest nebulae
ever discovered.
The giant nebula is only one of the exceptional

properties of SDSSJ0841+3921. Our images re-
veal three relatively compact candidate Lya-emitting
sources with faint continuummagnitudes V ≃ 23
to 24, embedded in the Lya filament and roughly
aligned with its major axis. Followup spectros-
copy reveals that the sources labeled AGN1, AGN2,
andAGN3 are three AGNs at the same redshift as
the f/g quasar [see the right panel of Fig. 1 and
(29)], making this system the only quadruple AGN
known. Adopting recent measurements of small-
scale quasar clustering (30), we estimate that the
probability of finding three AGNs around a qua-
sar with such small separations is ∼10−7 (31). Why
then didwe discover this rare coincidence of AGNs
in a survey of just 29 quasars?Did the giant nebula
mark the location of a protocluster with dramat-
ically enhanced AGN activity?
To test this hypothesis, we constructed a cata-

log of Lya-emitting galaxies (LAEs) and com-
puted the cumulative overdensity profile of LAEs
around SDSSJ0841+3921, relative to the background
number expected based on the LAE luminosity
function (32) (Fig. 2). To perform a quantitative
comparison to other giant Lya nebulae, many of
which are known to coincidewith protoclusters, we
measured the giant nebulae–LAE cross-correlation

function for a sample of eight systems—six HzRGs
and twoLABs—for which published datawas avail-
able in the literature (33). In Fig. 2, we compare
the overdensity profile around SDSSJ0841+3921
to this giant nebulae–LAE correlation function.
On average, the environment of HzRGs and LABs

hosting giant Lya nebulae (red line) is much
richer than that of radio-quiet quasars (10) (blue
line), confirming that they indeed reside in pro-
toclusters. Furthermore, the clustering of LAEs
around SDSSJ0841+3921 has a steeper overden-
sity profile and exceeds the average protocluster
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Fig. 1. Narrow- and
broadband images of
the field surrounding
SDSSJ0841+3921 (A)
Continuum-subtracted,
narrow-band image of
the field around f/g
quasar. The color map
and the contours
indicate the Lya sur-
face brightness
(upper color bar) and
the signal-to-noise
ratio per arc sec2

aperture (lower color
bar), respectively. This
image reveals a giant
Lya nebula on the
northern side of the
f/g quasar and several
compact bright Lya
emitters in addition to the f/g quasar. Three of these have been spectroscopically confirmed as AGNs at the same redshift. (B) Corresponding V-band
continuum image of the field presented at left with the locations of the four AGNs marked. The AGNs are roughly oriented along a line coincident with the
projected orientation of the Lya nebula. We also mark the position of the b/g quasar, which is not physically associated with the quadruple AGN system
but whose absorption spectrum probes the gaseous environment of the f/g quadruple AGN and protocluster (Fig. 4).

Fig. 2. Characterization
of the protocluster
environment around
SDSSJ0841+3921. The
data points indicate the
cumulative overdensity
profile of LAEs d(<R) as a
function of impact
parameter R from the f/g
quasar in SDSSJ0841+3921,
with Poisson error bars.
The red curve shows the
predicted overdensity
profile, based on our
measurement of the giant
nebulae–LAE cross-
correlation function
determined from a sample
of eight systems—six
HzRGs and two LABs—for
which published data were
available in the literature.
Assuming a power-law
form for the cross-correlation xcross = (r/r0)

−g, we measured the correlation length r0 = 29.3 T 4.9 h−1 Mpc,
for a fixed value of g = 1.5.The gray-shaded region indicates the 1s error on our measurements based on
a bootstrap analysis, where both r0 and g are allowed to vary.The solid blue line indicates the overdensity
of Lyman break galaxies (LBGs) around radio-quiet quasars based on recent measurements (10), with
the dotted blue lines the 1s error on this measurement. On average, the environment of HzRGs and LABs
hosting giant Lya nebulae is much richer than that of radio-quiet quasars (10), confirming that they
indeed reside in protoclusters. SDSSJ0841+3921 exhibits a dramatic excess of LAEs as compared to the
expected overdensities around radio-quiet quasars (blue curve). Its overdensity even exceeds the aver-
age protocluster (red curve) by a factor of ≳20 for R < 200 kpc, decreasing to an excess of ∼3 on scales
of R ≃ 1 Mpc, and exhibits a much steeper profile.
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