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Galaxies (=disk+CGM) are huge gas recycling

Hot-mode
accretion?

Satellite stripping
Galaxy merger

Primordial
corona?

son, Peeples, Werk (2017)



Galaxies (=disk+CGM) are huge gas recycling factories

)

Hot-mode
accretion?

:
L » 15
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Satellite stripping
Galaxy merger | T

The CGM of galaxies has maltiple gas-phases: hot, warm, cool

Purple: neutral
gas (trace species)

Blue: neutral .
gas (dominant species)
Green: Warm

1onized gas

Red: Hot highly
ionized gas
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Charactetizing the CGM of galaxies -
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Em:ss:on observat:ons (e g HI X-rays) in the Ioc:al umverse |
are usually not very sens:t:ve beyond 50 kpc ‘ ' |

= . N . 7o * - a , i 3
: ‘ » & g e N g b 3 €



‘Buta galaxy like M3 1 or Mllky Way has a vmal radlus of
about 300 kpc... | '
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Absorptton techmque. most sens:-t:ve way to probe CGM but
typlcally mformat:on along only a smgle s:ghtlme.-_.




‘Buta galaxy like M3 1 or Mllky Way has a vmal radlus of
about 300 kpc... | '
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Absorptton techmque. most sens:-t:ve way to probe CGM but
typlcally mformat:on along only a smgle s:ghtlme.-_.




‘Buta galaxy like M31 or Mllky Way hasa vmal radlus of
about 300 kpes i e - .

Absorpt:on techmque. most sensmve way to probe CGM but
typ:cally mformat:on along only a smgle s:ghthne. s |




But a galaxy Ilke M3 1 or Mllky Way hasa vmal radlus of
about 300 kpc.,.. b o

Absorpt:on techmque. most sensnt:ve way to pmbe CGM but
typ:cally mformat:on along only a smgle s:ghthne. i - |
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What we really want to havé :s information from ‘m'IUI,tiple, sightlines
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Smce we rarely can do that we assemble many galax:es w:th
smgle s:ghthne p:ercmg them to capture statlstlcal” |
propert:es of the CGM(s) of galax:es. i 3
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But galax:es are not the same. mass envrronments star
’format:on or:entatlon etc. and may not be observed at the
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Project AMIGA: One galaxy (M31)...
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Pro;ect AMIGA One galaxy (M3 1 ), many s:ghtlmes plercmg

Drstnbutlon of QSOS vvltK

archival CQS G130M and
G1éOI\/I spectra pr|or o
our Iaﬁge HST program
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o Results from this p||ot study
o Stare summanzed in Lehner

Howk Wakker (201 5)
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18 targeted QSOs within 1.1R, .

e 25 QS0Os within 1.1 R,;.
e 43 QSOs within 1.9 R,;.
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Y PEOySEN “Follow the metals”:
Pro,’eCt AMIGA . ..‘ - first determination in absorption of the extent of
o BN - single galaxy halo.
Large HST Program / BN - first maps of the velocities, surface densities,

18 targed QSs ihin TR B ionized fraction, gas-phases as a function of R and

e 25 QSOs within 1.1 R,;.
e 43 QSOs within 1.9 R,;.
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* || FUSE spectra (OVI)
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RX_J0043.6+3725

Project AMIGA

Relative Flux

M A

1200 1300 1400 1500 1600 1700
Wavelength (A)

+ 43 COS G130M/G | 60M spectra
(Ol Sill, Silll, SilV, CII, CIV, Fell)
* |l FUSE spectra (OVI)



" RX_J0043.6+3725 X=2 kpc Y=-50 kpc

Project AMIGA -

\

Normalized Flux

* 43 COS GI30M/G160M spectra |
(O, Sill, Silll, SilV, ClII, CIV, Fell)
* |l FUSE spectra (OVI)
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" RX_J0043.6+3725 X=2 kpc Y=-50 kpc

Project AMIGA -

\

Normalized Flux

* 43 COS GI30M/G160M spectra |
(O, Sill, Silll, SilV, ClII, CIV, Fell)
* |l FUSE spectra (OVI)
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Image Credit: NASA, ESA, E. Wheatley (STSel),, -+~ o =~ @ .© e TR e
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How big ‘is"'the CG’M of M31? = -

@ Deiection of M31 CGM gas [
‘. No.."dete'ctibh of M31 CGM#

i . |

Log Column Densities [cm_z]

N V&

-

image Credit: NASA, ESA, E. Wheatley (STSel)



How big is the CGM of M31?
‘Detectlonofl\/l31 CG |\/| ga.s 5 15
) NQ‘defectibh of M31 CG Ms
v o i . S

i . |

Log Column Densities [cm_z]

N V&

-

Image Credit: NASA, ESA, E. Wheatley (STS¢l)
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low fons: probe of

ionized gas_

1 ~103-10¢ K neutral and

*

Intermediate ions:
probe of ~103-1045 K-

ionized gas:

* 4

'

| high ions: lprobé_’of
| ~1045-1055 K ionized
s -




How big is the CGM of M31?
‘Detectlonofl\/l31 CG |\/| ga.s 5 15
) NQ‘defectibh of M31 CG Ms
v o i . S

i . |

Log Column Densities [cm_z]

N V&

-

Image Credit: NASA, ESA, E. Wheatley (STS¢l)
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low fons: probe of

ionized gas_

1 ~103-10¢ K neutral and

*

Intermediate ions:
probe of ~103-1045 K-

ionized gas:

* 4

'

| high ions: lprobé_’of
| ~1045-1055 K ionized
s -




How blg is the CGIVI of M31’? L T

‘ Detectlon of M31 CGM gas ¢
‘ No detectlon of M31 CGI\/I/

",

low ions: probe of
1 ~103-104 K neutral and
A |on|zed gas, |

e M31 has a very extended CGM, extending beyond R;.. |

1°M31 CGM is quite massive (cool+warm>4x1010 Mg,,).

; e M31 surface densities, ionization levels, and kinematic |5
are changing with R (but not much with azimuth). e
NB: no ionization modeling was used to derive these
| _|properties.
5. ons: probe of

~1O45 1055 K |on|zed
gas .

'

-

Image Credit: NASA, ESA, E. Wheatley (STSel) _



Zoom-in cosmological simulations: widespread Sl g o122

of multiple gas-phases in the CGM of galaxies £
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that also depends on R IR *
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Si 1l % g Ma00=12 2'
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OV logMuo=12:2 ]
Qualitative similarities in the distribution of the CGM
properties between Project AMIGA and zoom-in simulations,
but there are key quantitative differences (Lehner+2020). *

Oppenheimer+18



uv observations are key to sensitively probe the CGM ;
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B Si |l and O VI are quite remarkable relative to the other ions and HI. 8
' . 4 ‘ e

¥ Deep HI emission is not detected down to 17.5 dex (Howk+17): HI surveys will need to be
| more sensitive than N(HI) < 10" cm™2 to hope to detect CGM gas well beyond 20-30 kpc.

What will it take to do this experiment toward other galaxies?

£



Example: Cen A (about 5x farther away than M31)

mission
..|

RA

See also, e.g., Bowen+2016, Keeney+2013 for other examples.



Example: Cen A (about 5x farther away than M31)

More Sources
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RA Redshift

See also, e.g., Bowen+2016, Keeney+2013 for other examples.



Example: Cen A (about 5x farther away than M31)

mission
..|

RA

See also, e.g., Bowen+2016, Keeney+2013 for other examples.



Example: Cen A (about 5x farther away than M31)
. LUVOIR 4-m

: _ -, == Optical
- W
. S 7. Radio
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e
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C R
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Courtesy Chris Howk (Fig. 5.5—LUVOIR interim report)

See also, e.g., Bowen+2016, Keeney+2013 for other examples.



LUVOIR 6-m

_j -: Optical

Courtesy Chris Howk (Fig. 5.5—LUVOIR interim report)



LUVOIR 9-m

Courtesy Chris Howk (Fig. 5.5—LUVOIR interim report)



Courtesy Chris Howk (Fig. 5.5—LUVOIR interim report)

LUVOIR 15-m
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It will take a much bigger telescope to “zoom-in" on the

CGM of galaxies beyond M31!

o -, Optical
."'_-‘;f y-ray
Radio

LUVOIR 4 m LUVOIR 6 -m LUVOIR 9 -m

- Optical
_"-_ y-ray

-; Optical
y-ray
*. Radio

Courtesy Chris Howk (Fig. 5.5—LUVOIR interim report)

LUVOIR 15 -m

Wi 1 Optical

Background galaxies are ten times more numerous and can also be used to map the

CGM gas.

With UV coverage, high spatial resolution, and extreme sensitivity, IFU techniques will

also provide the first maps of the CGM.
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N . PrOJect AI\/IIGA is an’ unlque experlment that has targeted the CGI\/I of I\/I31 W|th 43 -

| 5|ght||nes r
. Andromeda hostsa massive, extended metal-enriched halo of cool and warm hot.‘“’
| gas.- It is so extended that MW and’ M31 CGMs most likely already overlap =

’u

». The M31 CGI\/I gas has a complex structure that varies with R.
. 4
_Is . 0

rf bk
\

-

Image Credlit: NASA, ESA, E. Wheatley (6TScl) -



. PrOJect AI\/IIGA is ar( unlque expenment that has targeted the CGI\/I of I\/I31 W|th 43
| 5|ght||nes | | | '
RS » Andromeda hosts*a massive, extended metal-enriched han of cool and warrn hot.‘,”
..+ .. gas:ltis so extended that MW and'M31 CGMs most likely already overlap
“ " ». The M31 CGI\/I gas has a complex structure that varies W|th R.

/

7o The strength of the UV to study the diffuse CGI\/I has been cIearIy demonstrated by
'._PrOJect AMIGA and many other surveys at low redshift: UV dlagnostlcs sens|t|V|ty,

~and resolution are all essential to detect and'characterize the diffuse |on|zed gas and :
o multrple gas- phases of the CGM of galaxies. |

o R

'y bk
\

-

; . ’ . . v . 3 ‘ i |
Image Credit: NASA, ESA, E. Wheatley (6TScl) S S



. PrOJect AI\/IIGA is an’ unlque experlment that has targeted the CGI\/I of I\/I31 W|th 43
| sughtllnes | | : '
B » Andromeda hosts*a massive, extended metal-enriched halo of cool and warm hot.‘_ :
= © gas.Itis so extended that MW and‘M31 CGMs most likely already overlap
“ " ». The M31 CGI\/I gas has a complex structure that varies with R.

- » The strength of the UV to study the diffuse CGI\/I has been clearly demonstrated by
- _PrOJect AMIGA and many other surveys at low redshift: UV d|agnost|cs sens|t|V|ty,

~and resolution are all essential to detect and'characterize the diffuse |on|zed gas and :
o multlple gas- phases of the CGM of galaxies.

L - With PrOJect AMIGA, we ‘demonstrate that prob|ng the CGM of galaX|es W|th

" multiple sightlines is key to unravel its complexrty, nature, and its relationships with

. - ;the stellar disks of galaxies. A larger more sens:tlve uv telescope will be: need to" .
| observe galax:es beyond M31.

I
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Image Crediit: NASA, ESA, E. Wheatley 6TScl) = . -, = '~



Thank you!

Mars

“Mirfak
.. .

Uranus

Check out the NASA press i release:
https: //hubblesite. org/contents/news- reIeases/ZOZO/news 2020-46

Capella
.

0‘
.

Credit: NASA, ESA, and E. Wheatley (STScl) / J.C.
Howk (University of Notre Dame); constellations
from Stellarium; Milky Way © Axel Mellinger
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Hovy masswe is the CGM of M31?

@ Detection of I\/I31 CGI\/I gas
[ ] No detectlon of M31 CGM

Log Column Densities [cm_z]




Hovy masswe is the CGM of M31?

@ Detection of I\/I31 CGI\/I gas
[ ] S i M31 CGM

Log Column Densities [cm_z]




How masswe is the CGM of M31?

@ Detection of I\/I31 CGI\/I gas
[ ] No detectlon of M31 CGI\/_If
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How masswe is the CGM of M31?

@ Detection of I\/I31 CGI\/I gas
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How masswe is the CGM of M31?

@ Detection of I\/I31 CGI\/I gas
[ ] No detectlon of M31 CGI\/_I‘ ¢
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Results can be directly guantltatlvely compared W|th
zoom in cosmofoglcal S|mu|at|ons

FIRE-2 CR

.. ‘.‘

—_

. B o
log N [cm ]

>
g
=
2,
20
| 2

w

But note that on/y the ga/axy masses are s:mllar between the observed and;
s:mu/ated galax:es here | - '

L



Slmllar velomty dlstrlbutlons between CGM gas and dwarf
satellltes oo

% M31 Dwarf Galaxies
Project AMIGA Silll

15
Number

B Several absorbers are also within close spatial and velocity proximity of the dwarfs.
§ However, none of the properties of the absorbers in close proximity to these dwart

ll galaxies show any peculiarity that would associate them with the CGM of these satellites
frather than the CGM of M31.




Association of the absorption with M31 CGM

I T I [ T T ! r.“‘ T 3
O Archival QSOs
1o e ® Targeted QSOs
[ P9 R S + GBTHI2l-cm
i : i oD : _ _ .
oF L B e VViin |
' T 4
L T Il
~100 L @@t SPS e
- i ® -+ "o e ® Ay
N =200+ . . ............. ‘ _P N
> : “ wFoy p “e IZ
-300 - T o g O
“. S50 o _ Q0° IO
T o O .- ' %o
—400 (@) T O ,2' O
[ & ol
ol o . o N !
- -_ .......... I
] ! ] ] ! O ! ! OI 2 ]
400 200 0 -200 ~400
X (kpc)

log Ngim [em 2]

components associated with MS

T T T T

145 . -

" § 3 . |

® & \\\i ° Y m
13- O S~ O m + -
° g0
_ m . : 2°* .
L \\\\\ 0 i
Ij.\\\\ ~
L O Ij‘\\ i
O
I Foxetal. (2014)

12r @ Project AMIGA ]

0 1 1 1 1 1|0 1 1 1 2|0 1 1 1 1 3'0 1 1 1 1 40

|bms|(7)

—
|

vrsr (kms

_100 D T T I T T T I T T T I* T T * T I _
i MW Velocity Region * T
. * *x
i ) -
i y o® 00 0® e 1
A *
~2001 m e o © %% Le*: _
L ] -~ A
i ) i
m B ... o ® 9 *. * 5 *

i [ -

(] T [
i u : ‘a * Y g o o }
=300 () L ® *x -
m u ® o 1
o 00 Geo ® O :
® o o =@* ® * i
| ' [ ) *o o ® * |
—400 (P ® * -
* = -
o o° ® ]

* MS Velocity
Region T
=500 m  Foxetal (2014) MS P -
*  M31 Dwarf Galaxies * 7
® Project AMIGA Silll 7
1 1 I 1 1 1 I 1 1 1 I 1 1 1 I ]
—80 —100 —120 —140
has (°)

40

35

30

25

20

15

10

lbas] (%)



	Portada_pp.pdf
	Welcome


