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.1 Ms (Revnivtsev ét al. 2009):

_Resolve out > 80%of -
the intensity at'~ 6.7 keV
and @bout 50% at 3 keV




X-ray absorption line spectroscopy:




X-ray absorption line spectroscopy is powerful |

*  Tracing all K transitions
of metals = all three
phases of the ISM.

* Not affected by photo-
electric absorption>

~ unbiased measurements
of the global ISM.
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LETG+HETG spectrum of LMXB 1820-303
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Yao & Wang 2006, Yao et al. 2006, Futamoto et al 2004
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. Spectroscopic diagnostics

*One line (e.g., OVIT Ka) > velocity
centroid and EW = constraints on
the column density, assuming b and

*Two lines of different ionization

states (OVII and OVIITI Ka)) >

*Two lines of the same state (Ko and

Kp) =

‘Lines from different species >

abundance

-Joint-fit of absorption and emission

data --> pathlength and density
*Multiple sightlines --> dlfferen’rlal
hot gas properties L7
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LMC X-3 as a distance marker
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BH X-ray binary
undergoing Roche
lobe accretion

50 kpc away
V, = +310 km/s

Away from the
LMC main body

Wang et al. 2005




LMC X- 3 absorphon lmes
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*The line centroids of the OVI
and OVTII lines are consistent
with the Galactic origin.

‘Ny~1.9 x 106 atoms/cm?,
similar to those seen in AGN
spectral

-T~13x100K
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Joint-fit to the Suzaku XIS
diffuse emission spectrum
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100 ks Suzaku observations of LMC X-3
off-fields

(Yao, Wang, et al. 2008)

Single temperature fit > T=
2.4°x 10° K, significantly higher
than that inferred from the X-
ray absorption lines.

+ Joint-fit to the absorption and

emission data gives
- n,= (3.6x10°3 K) e171/28 kec;
- T= (2.4x10¢ K) e-lzl/14 kpc

>P/k ~ 1.1x10% cm-3 K, assuming
filling factor =1.

- This thick hot disk can
explain all the OVI
absorption, except for ~10%
of high-v OVI emission.




Galactic hot gas properties

* Thermal property:

- mean T ~ 1093 K toward the inner region

- ~ 1081 K at solar neighborhood
+ Velocity dispersion from ~200 km/s to 80 km/s
» Abundance ratios ~ solar

- Structure:
- A thick Galactic disk with a scale height of ~ 2 kpc,
~ the values of OVI absorbers and free electrons
- Enhanced hot gas around the Galactic bulge

- No evidence for a large-scale (r ~ 10% kpc) X-ray-emitting/
absorbing halo with an upper limit of N, ~1 x10'° cm-2.




No evidence for X-ray line absorption by hot

gas in intervening groups of galaxies

El - Sightline: 3C 273
gl ° Total exposure: 530 ks
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Stacking of absorption line spectra according
to intervening galaxy/group redshifts

With an effective
exposure: ~ 10 Ms, no
absorption is detected!
N(OVII) < 1015 cm2, or
< 1/10 of the column

density observed
around the Milky Way.

Groups typically contain
little gas at
T~1052-1005 K, unless
the Oxygen abundance
is < 1/10 solar.

Is the WHIM a hype?

Wavelength (4)




Galaxy formation and evolution context

Stars and the ISM accounts

for 1/3-1/2 of the baryon
expected from the
gravitational mass of a galaxy.

Where is this missing baryon
matter?
- Ina hot gaseous galactic halo?
- Or having been pushed away?

Both are related to the galactic
energy feedback.

Without the feedback, we have
.‘ »  the "overcooling” problem: Too
Q *S¥%  much condensation to be

consistent with observations
(e.g., Navarro & Steinmetz 1997).

Understand the Galactic feedback is essential to
the study of the galaxy formation and evolution!




Feedback from starburst galaxies

M82: ~6’ FoV

Soft X-ray arises primarily from the interplay between a
superwind and entrained cool gas clouds.

Comparison between the data and simulations shows the
superwind has T ~ 3-8 x107 K and a mass rate of ~ 2 My/yr.

Bulk of the starburst mechanical energy escapes from the
galaxy - strong effect on the galactic environment!




Feedback from disk-wide star formation

Green — Optical R-band

Blue — 0.3-1.5 keV i - Scale height ~ 2 kpc +
- ' more distant blubs.
- T, ~ 1003 K, T, > 1071 K
- L, (diffuse) ~ 4x103° erg/s

NGC 5775 Li, J. etal. (2008)




'-{JO_AO. OPTICAL

Feedback
from old stars

Li & Wang 2007

T~3x108K
Lx~2x1038 erg/s, only ~1% of

the Type la SN energy input

.
» CHANDRA X:RAY




NGC 4594 (Sa)

Average T~ 6 x 10¢ K

Lx ~ 4 x 103% erg/s, ~ 2% of Type Ia SN energy *
Not much cool gas to hide/convert the SN gnergy

Hubble Optica

Li et al. 2007




The missing energy and large Ly /L
dispersion problems of low-mass ellipticals

Energy input from Ia SNe: ~
0.2 /10'9L ,,/100yr + velocity
dispersion among stars.

Observed Ly has a large
dispersion, but is < 10% of the
energy inputs.

Mass loss from evolved stars:
~ 0.2 M,/1010L , z/yr.
Specific temperature: KT ~
1-2 kev.

Fe abundance ~Z.+5(Mgy r./
0.7M,).




Observations of stellar feedback

Humphrey & Buote (2006)
O'Sullivan & Ponman (2004),

Bregman et al (2004) Irwin et al (2001), Irwin (2008)

0.4 0.6 . _
T,(keV) log, oLy ([erg s 1])

Both gas temperature and Fe abundance are
less than the expected.




Feedback and galaxy formation: 1-D simulations

Evolution of both dark and baryon
matters (with the final total mass of
1012 M ).

Initial spheroid formation (5x10%0
M .) = starburst - shock-heating
and expanding of surrounding gas.

Later Type Ia SNe - wind/outflow,
maintaining a low-density, high-T gas
halo and preventing a cooling flow.

Outflow can be long-lasting = higher
Lx and more extended profile.

The dependence on the feedback
strength, galaxy mass, and
environment > L,/L, dispersion.

Tang, Wang, et al 2009, see also Kim, Wise, & Abel 2009




2-D simulations of the feedback: bulge wind

Setup: an ellipsoid bulge (q=0.6),
a disk, and an NFW halo

* Qualitatively consistent

with the 1-D results

- Instabilities at the

contact discontinuities
- formation of HVCs?

Tang & Wang (2009)




Subsonic Outflow: 3-D Simulations

Fe abundance map (Tang & Wang in prep)

Adaptive mesh refinement >
~2 pc spatial resolution

Sporadic SNe in both time
and space

Continuous and smooth mass
injection, following stellar
light

Broad temperature and
density distributions - Low
X-ray measured temperature
and metal abundance if
modeled with a 1- or 2-T
plasma

Fe ejecta moves much faster
than stellar mass-loss
materials.




3-D Subsonic Outflow Simulations: Results

107

1-D outflow model

3-D simulation
1-D wind model

E v 3-D results

] ; - - - - Emission Weighted |
3 1.5H T EM Weighted ]
. , Moss Weighted
,.

Positive temperature gradient, Positive Fe abundance

mimicking a “cooling flow"! gradient, as observed in
central regions of
ellipticals



Summary

At least two components of diffuse hot gas:

- Disk - typically driven by massive stars

- Bulge - heated primarily by Type-Ia SNe
Characteristic extent ~ a few kpc, except for starburst
galaxies.

Temperature ~ a few 10° K. but also evidence for a poorly
constrained T >~ 107 K component,
Stellar feedback can play a key role in galaxy evolution:

- Initial burst leads to the heating and expansion of gas beyond the
virial radius.

- Ongoing feedback can keep this circum-galactic medium from
cooling and maintain a hot gas outflow.

- explaining the missing galactic feedback, the baryon deficit
around galaxies, and the passive evolution of stellar spheroids.
3-D structures significantly affect X-ray measurements (Lx, T,

intensity profile, and Fe abundance).




Galaxies such as the MW evolve in hot
bubbles of baryon deficit!

/

{ + Explains the lack
"~ pbefore the SB 1
of large-scale X-
— Cosmological r.Cly halos
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3-D Effects

- Large dispersion >
- enhanced emission at both
low and high temperatures

- Overall luminosity increase
by a factor of ~ 3.

- Low metallicity if modeled

with a 1-T plasma.

» Consistent with the 1-D
radial density and
Temperature
distributions, except for
the center region.
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Galactic bulge and elliptical galaxies

.NGC 4636 -

DDS optical

CHANDRA X-HAY
Chandra X-ray INFRARED 2

C. Jones et al. (2001) M.Revnivtsev et al. (2009)




Conclusions

+ Diffuse hot gas is strongly concentrated toward
galactic disks/bulges (< 20 kpc) due to the feedback.

- But the bulk of the feedback is not detected and is

probably propagated into very hot (~107 K) halos.

+ The feedback from a galactic bulge likely plays a key
role in galaxy evolution:

- Initial burst led to the heating and expansion of gas beyond
the virial radius

- Ongoing feedback keeps the gas from forming a cooling flow
and starves SMBHs

- Mass-loaded outflows account for diffuse X-ray emission
from galactic bulges.




