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CR feedback during galaxy formation
Chan+ 19 FIRE

Hopkins+ 20
21a,b,c,d
Ji+ 20, 21
Chan+ 19,21
Trapp+ 21
…

- potentially
significant
impact of 

- depends
strongly on
assumed
CR transport

- caveat:
single energy

simulations
FIRE: Hopkins+
ChaNGa: Butsky+
AREPO/AURIGA:
Pfrommer+

RAMSES: Dubois+
...

- CR
で注入・伝搬後
逃げ出す
ハローに
必ず存在

-ハローで
圧力が卓越し
銀河進化に影響
大の場合あり

-が伝搬の仮定
に強く依存

-観測制限不可欠

galaxy formation simulations with CR feedback

- CRs injected in
disk, escape ->
must exist in CGM

- Potentially large
impact of pCR on
CGM, galaxy evol.

- Depends strongly
on assumed
CR transport

- Obs. constraints
warranted

2Ruszkowski & Pfrommer 23
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most previous studies assumed 
near-uniform emission from 
smoothly distributed gas
Feldmann+ 13, Taylor+ 14, Ahlers &
Murase 14, Kalashev+ 16,22, Blasi & 
Amato 19, Liu+ 19, Recchia+ 21…



Gas Accretion onto the Milky Way 9
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Fig. 2 All-sky maps of 21 cm emission for intermediate-velocity gas (upper panel) and high-
velocity gas (lower panel) in an Aitoff projection centered on l = 180◦. The maps show the sky
distribution of neutral gas in the Galactic halo. The maps have been generated from different data
sets described in Wakker (2004), Kalberla et al. (2005), and by Tobias Westmeier (priv. comm.).
For the IVCs we show (color-coded) the deviation velocity of the gas from a simple model of
Galactic rotation (see Wakker 2004) in the range |vdev|= 30− 90 km s−1. For the HVCs, we dis-
play the color-coded LSR velocity (|vLSR|= 100−500 km s−1). Individual neutral IVC and HVC
complexes (see Wakker 2001, 2004) are labeled with numbers. For IVCs: (1) IV Arch, (2) LLIV
Arch, (3) IV Spur, (4) Outer Arm, (5) Complex L, (6) AC Shell, (7) Complex K, (8) PP Arch, (9)
IV-WA, (10) Complex gp. For HVCs: (1) Complex C, (2) Complex A, (3) Complex M, (4) Com-
plex WA, (5) AC Cloud, (6) Complex H, (7) Complex L, (8) Leading Arm of MS, (9) Magellanic
Stream, (10) Complex GCN.

cool CGM in Milky Way high velocity clouds

Richter 17 3

intermediate velocity clouds (IVCs): |vdev|~40-90 km/s, D~1-2 kpc, Z~Z⊙
only component with reliable distances

IVC map

anti-GC

some detected by LAT!
HI template fitting
Tibaldo+ 15
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Figure 1
The distribution of HI (shaded clouds and plus symbols) and ionized high-velocity gas (circles and diamonds) on the sky with color denoting
the local-standard-of-rest (LSR) velocity of the detection. The HI map was created with LAB data by Westmeier (2007) by removing
the HI model of the Milky Way from Kalberla & Kerp (2009). The plus symbols represent the small HI compact high-velocity clouds
(CHVCs) detected with other datasets (de Heij, Braun & Burton 2002; Putman et al. 2002), open circles are the OVI absorption line
detections (Sembach et al. 2003), solid circles are the Si absorption line detections (Shull et al. 2009), and diamonds are the ionized
HVCs (IHVCS) at !15 kpc (Lehner & Howk 2011). Multiple colors for a symbol indicate multiple absorbers along the line of sight.
The positions of the major HI HVC complexes (with S to indicate the Smith cloud) and the Large Magellanic Cloud (LMC), Small
Magellanic Cloud (SMC), M31, and M33 galaxies are noted. The AC Shell appears in this map, but is considered an intermediate
velocity cloud.

Clouds of all sizes can be grouped into complexes of most likely related clouds on the basis of
their spatial and kinematic proximity as labeled in Figures 1 and 2. In the Southern Hemisphere,
the HVCs that dominate in sky coverage and mass are associated with the Magellanic System.
In particular, the complexes labeled MS and LA are the trailing Magellanic Stream and Leading
Arm, respectively (recent references include Putman et al. 1998, 2003b; Stanimirović et al. 2002,
2008; Putman 2004; Brüns et al. 2005; Westmeier & Koribalski 2008; Nidever et al. 2010). These
complexes were created from the interaction of the Large and Small Magellanic Clouds (LMC
and SMC) with each other and with the Milky Way. The MS is a long, continuous structure
with a well-defined velocity and column density gradient, whereas the LA is a collection of clouds
throughout the region leading the Magellanic Clouds. In the Northern Hemisphere there are a
number of complexes of similar spatial size, but Complex C is the largest. The best way to view
the HI component of the complexes at their approximate distances (see Section 2.2) is through
the three-dimensional Figure 3. In both hemispheres there are a number of small clouds called
compact HVCs (CHVCs), which have been claimed to be at large distance due to their size (<2◦ in
diameter) and relative isolation (Braun & Burton 1999; de Heij, Braun & Burton 2002). CHVCs
can largely be associated with known HVC complexes in position-velocity space as shown by
the plus symbols in Figures 1 and 2 and therefore unlikely to be at greater distance. Even the
ultracompact HVCs (!20 arcmin) have been shown to be related to HVC complexes (Saul et al.
2012). None of the CHVCs or HVC complexes have a clear association with stellar features in
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cool CGM in Milky Way high velocity clouds

multiphase gas in MW halo (CGM=circumgalactic medium)
Putman+ 12 4

intermediate velocity clouds (IVCs): |vdev|~40-90 km/s, D~1-2 kpc, Z~Z⊙
high velocity clouds (HVCs): |vdev|>90 km/s, D~3-12 kpc (MS 50-100 kpc)
- HI+HII, MHI+HII,HVC >~2-4x MHI,HVC Z~<0.5Z⊙
- HVCs (wo Mag. Stream): Mtot ~1.4x108 M⊙

Mag. Stream: Mtot ~2x109 M⊙

only component with reliable distances

HVC map

anti-GC

Magellanic Stream (MS)

not detected by LAT
Tibaldo+ 15



warm/hot CGM of Milky Way vs cool CGM
- outer spherical (virial) + inner disk-like (fountain?) components? 

- eROSITA+XMM: hot CGM mass <rvir possibly
<< fbar,cosmic 1012 M⊙ -> consistent with external galaxies Zheng+ 24
also FRB DM of MW Cook+ 23, Ravi+ 23; simulations Ayromlou+ 23…

Locatelli+ 23

HVC (wo MS)

MS

- HVC HI+HII potentially significant mass fraction of entire CGM
-> g-ray + n emission likely patchy, possibly correlated with cool gas
- HVC HI+HII mass

Nakashima+ 18, Kaaret+ 20, Locatelli+ 23

5

eROSITA
OVIII (T=0.15-0.17 keV~106 K)

eROSITA OVIII emi
+XMM OVII abs



PeV g rays: unique probe of Milky Way halo CRs

lgg(>400 TeV)<20kpc
20 kpc @0.5 
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lgg~
400 kpc @0.2 PeV
70 kpc @0.3 PeV
30 kpc @0.4 PeV
10 kpc @0.8 PeV
7 kpc @2-3 PeV

6

PeV
unlike GeV
- extragalactic compt.
filtered by 
EBL/CMB

- Eg-
covers halo D scales
-> unique constraints
on origin

- probe halo D scales
via E

Ideal for probing
halo CRs!

EBL

g-ray energy

PeV=1015 eV
unlike GeV-TeV:
- extragalactic compt.
filtered by gg with
EBL/CMB

CMB

SI+ to be submitted
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- Eg-dependent gg mfp
covers halo D scales
-> unique constraints
on origin

- probe halo D scales
via E

Ideal for probing
halo CRs!

g-ray energy

Nice for probing
circumgalactic CRs!

Complex K
Complex C

Mag. Stream

MW virial radius
M31

Tibet
0.4-1 PeV

~<30 kpc

EBL

CMB

SI+ to be submitted



diffuse gamma-ray emission 

isotropic bkgd
bright at GeV-TeV;
hampers detection of 
spatially extended emission

では

SI+ to be submitted

c.f. HAWC Col. 2209.08106
7
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Neronov & Semikoz 20 (c.f. Peron & Aharonian 22)



diffuse gamma-ray emission 

isotropic bkgd + Galactic fgd + CR e bkgd
bright at GeV-10 TeV;
hampers detection of
spatially extended emission

では

Neronov & Semikoz 20 (c.f. Peron & Aharonian 22)

SI+ to be submitted

c.f. HAWC Col. 2209.08106
7



diffuse gamma-ray emission 

isotropic bkgd + Galactic fgd + CR e’s
bright at GeV-10 TeV;
hampers detection of
spatially extended emission

では

SI+ to be submitted

c.f. HAWC Col. 2209.08106

CR e: cooling cutoff >~10 TeV
expected for astrophysical origin 7

Neronov & Semikoz 20 (c.f. Peron & Aharonian 22)

CALET Col. 23



diffuse gamma-ray emission 

isotropic bkgd + Galactic fgd + CR e
bright at GeV-10 TeV;
hampers detection of
spatially extended emission

では

Tibet
0.4-1 PeV
lgg~<30 kpc

SI+ to be submitted

c.f. HAWC Col. 2209.08106
7

Neronov & Semikoz 20 (c.f. Peron & Aharonian 22)



Tibet ASg events sky map

from Tibet press release

398 < E(TeV) < 1000

Tibet high b events: consistent w. CR background, but also with real g rays
8



IVCs vs Tibet ASg events

- No Tibet events within regions studied by Tibaldo+ 15 (despite some
events nearby) -> upper limits on PeV CRs in some IVCs (z~1-2 kpc)

0.4-1 PeV

Tibet Col. 20

approx.
Tibaldo+ 15

04

HI4PI IVC map
|vLSR| =40-90 km/s

log NHI19.0 20.3

9
- PeV detection not expected in standard picture (GCRs in disk)



IVCs: probing GeV-PeV CRs at disk-halo interface
spatially extended emission

では

SI+ to be submitted

c.f. HAWC Col. 2209.08106

Tibaldo+ 15 reg. B
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Tibet UL
lower IV Arch
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IVCs: probing GeV-PeV CRs at disk-halo interface
spatially extended emission

では

SI+ to be submitted

Tibet UL
lower IV Arch

c.f. HAWC Col. 2209.08106

Tibaldo+ 15 reg. B

uCR,IVC/uCR,local(4-10 PeV)<66-244 (HI only)
8.7-32 (NHII/NHI=6.6)   Fox+ 19

10
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IVCs: probing GeV-PeV CRs at disk-halo interface
spatially extended emission

では

E-2.1

E-2.4

E-2.7

SI+ to be submitted

c.f. HAWC Col. 2209.08106

Tibaldo+ 15 reg. B

Tibet UL
lower IV Arch

Search with LHAASO
under way with Q. Yuan+

uCR,IVC/uCR,local(4-10 PeV)<66-244 (HI only)
8.7-32 (NHII/NHI=6.6)   Fox+ 19

10



IVCs: probing GeV-PeV CRs at disk-halo interface
spatially extended emission

では

Neronov & Semikoz 20

E-2.1

E-2.4

E-2.7

E-2.1

SI+ to be submitted

SSTs? 
ASTRI?
LACT?

c.f. HAWC Col. 2209.08106

Tibet UL
lower IV Arch

10



probing GeV-PeV CRs at z~1-2 kpc: implications

CRs inferred with s~2 spectrum in ~10-100 kpc regions

GeV

11

SI+ to be submitted

- Unlike phenomenological models of CR propagation (e.g. GALPROP),
theoretically motivated models predict different modes at
~GeV (self-confinement) and ~PeV (extrinsic turbulence)

- Between z~0 and z~1-2 kpc, potentially significant differences due to
different wave damping processes in cool and warm/hot phases

Kempski &
Quataert 22 also 

Hopkins+ 22
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with z:
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~GeV (self-confinement) and ~PeV (extrinsic turbulence)

- Between z~0 and z~1-2 kpc, potentially significant differences due to
different wave damping processes in cool and warm/hot phases

- Some simulations predict significant spectral hardening at z~few kpc

Kempski &
Quataert 22 also 

Hopkins+ 22
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- Unlike phenomenological models of CR propagation (e.g. GALPROP),
theoretically motivated models predict different modes at
~GeV (self-confinement) and ~PeV (extrinsic turbulence)

- Between z~0 and z~1-2 kpc, potentially significant differences due to
different wave damping processes in cool and warm/hot phases

- Some simulations predict significant spectral hardening at z~few kpc
- Relevant IVCs consistent with Galactic fountain outflows
-> launching site of Galaxy-wide (CR-driven) winds?
-> transient CR enhancement via buoyant bubbles?

Marasco+ 22

Recchia+ 21

Kempski &
Quataert 22 also 

Hopkins+ 22



HVCs vs Tibet ASg events

log NHI

- No statistically significant correlations Tibet events vs HVCs (z~2-8 kpc)
-> uCR,HVC/uCR,local(4-10 PeV)~<250 (ftot/HI/4)-1
constrains non-standard scenarios   Fujita+ 17, Merten+ 18, Recchia+ 21

0.4-1 PeV

Westmeier 18
HI4PI HVC map

Tibet Col. 20

approx.
Tibaldo+ 15

12
- both HVCs and Tibet events mostly in Galactic North



neutrinos: probing CRs in the outer halo

g associated with
pp n if tgg<<1

13

SI+ to be submitted

c.f. HAWC Col. 2209.08106

absence of neutrino excess similar to
Gal. Plane in Mag. Stream region
-> conservative limit on
uCR/uCR,local(PeV)>~1200 @50-100 kpc
(better limits expected with MS template)

diffuse gamma rays + neutrinos



summary: Probing MW CGCRs with GeV-PeV g, n
- CRs in CGM potentially crucial for evolution of Milky Way
but many unknowns. Observational probe needed. g-rays from
halo likely patchy, possibly correlated with cool gas.

- PeV g-rays advantangeous over GeV-TeV because:
Extragalactic g shielded. E-dependent gg horizon covers
interesting halo scales. CR elec. bkgd suppressed by cooling.

- Tibet high b events vs IVC/HVC correlation search:
Not significant so far -> Limits on CRs escaping from disk,
CRs in inner halo. Study with LHAASO under way.
Potential new insight into CR propagation, (CR-driven)winds.

- For CRs in outer halo, neutrinos offer meaningful constraints.
Future constraints via PeV g from South (ALPACA, SWGO).

- Challenging for IACTs, but potentially crucial additional info. 
14

- CRs MUST exist in the Milky Way halo.


