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Discovery and properties of the Fermi Bubbles

The Fermi Bubbles were uncovered as residual emission above expected gamma-ray
emission components.

Nasa Fermi two-year all-sky map

[M. Su, Apd 724 (2010) 2]

Credit: NASA/DOE/Fermi/LAT Collaboration

Properties:
bilobular shape, symmetric about the
plane
extension: 50° in longitude, up to =50° in
latitude
spectrum: rather hard ~ E~19
sharp edges
almost uniform emission, except for
“cocoon region”

Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.
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Discovery and properties of the Fermi Bubbles

A closer look at the spectral properties of the residuals in the Fermi Bubbles region in
the range from 1 to 10 GeV.
—> Very surprising: The hard spectrum extends even to the highest latitudes!

millisecond-
pulsar-like:

[Fermi-LAT collab., Apd 840 (2017) 1]

TeVPA 2023 Christopher Eckner, eckner@lapth.cnrs.fr


mailto:eckner@lapth.cnrs.fr
https://doi.org/10.3847/1538-4357/aa6cab

Is the cocoon emission fuelled by a satellite galaxy?

TeVPA 2023

Fermi Bubbles -

I sagittarius Dwarf de ~ 26.5 kpe
' - Mass ~ 10° M

[slide credit: Oscar Macias, image credit: Aya Tsuboi (Kavli IPMU)]
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Is the cocoon emission fuelled by a satellite galaxy?

Crocker et al. [r. crocker et al., Nature Astron. 6 (2022) 11] proposed to explain the cocoon’s gamma-ray
emission by emission from the Sagittarius dwarf galaxy.
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[O. Macias et al., JCAP 09 (2019) 042] [P. Ramos et al., A&A 666, A64 (2022)]
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Is the cocoon emission fuelled by a satellite galaxy?

Crocker et al. [r. crocker et al., Nature Astron. 6 (2022) 11] proposed to explain the cocoon’s gamma-ray
emission by emission from the Sagittarius dwarf galaxy.
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[O. Macias et al., JCAP 09 (2019) 042] 75° : [P. Ramos et al., A&A 666, A64 (2022)]

A striking spatial
coincidence!

-75°
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A snapshot of the results of Crocker et al.

Two important findings:

1. Sagittarius’ emission is significant ( > 50) for almost all employed sky models.

2. The reconstructed spectrum is well explained by a population of millisecond pulsars
(MSPs) in Sagittarius.

Fermi Bubbles ~  Sgr dSph ]

n tail

= | a8 prompt spectrum
S \
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A snapshot of the results of Crocker et al.

Two important findings:

1. Sagittarius’ emission is significant ( > 50) for almost all employed sky models.

2. The reconstructed spectrum is well explained by a population of millisecond pulsars
(MSPs) in Sagittarius.

Fermi Bubbles ~  Sgr dSph ]

n tail

template-based analysis:
— rigid spatial morphology

= Niae prompt spectrum
— foreground ~ ; ‘E\’
mis-modelling hard to 0 —7.5¢ \
‘s — \
mitigate I \
I \
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'Does the significance of Sagittarius persist when we account for foreground m
| modelling?

|
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SKkyFACT analysis vs. Crocker et al. — Results

Let us get to the point: Our final result employing background re-modulation to all components
in comparison to the original work [r. crocker et al., Nature Astron. 6 (2022) 11]:

™ T T T T T T ] T T T T T T ]
- ra Total model -q-- 7" + brems (1 1) Sgr dSph
n N —— Total model #- 4FGL ] L0-4] o Data - #0 4 brems (W) -7 4FCL (PLSs) |
$U-43 10— - + Data —+' Fermi Bubbles 3 g IGRB -d-- Fermi Bubbles -4-- 4FGL (extended) %
‘T F __+__ 7r0+brems Isotropic . . ] -4-- ICS Sun & Moon L
0 10-51 -4-- ICS Other ] T%a
CT g Sgr dSph 1 -
- %5
% PO ) iy e P
- ToATT A=A -k = -
> 10 6 : * .‘_-‘E=--‘__~ -*- 3 %
- L= S ——
D) I==""'l====.——=‘::'_:::_<\“~<”— ‘-~""‘--<-“=--<__~\‘~~.\, » %
@) I ---_1\'___. ‘v~-;_'_"_'_'_’.‘r‘_~.§_§___y &)
.: 10—7_ ‘*1———l-—-I-—---..__f:‘S‘—E S
& =
=,
= 0-8 T
Z} 107°F 1 W
]
~ e~ 1077 _
I | L L L P P L L L PR | :
10 10 10
prompt MSP spéctruf’
)

— ———

| 1. Di}fuse spectra broadly consistent between both works.
]‘ 2. We do not find evidence for the need of a prompt MSP-like spectrum between 1 to 10 GeV in

| the cocoon region.
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Adaptive template-fitting with skyFACT

We go beyond standard template-fitting by adding regularised image reconstruction as
implemented in the software skyFACT.

k . component

Model ~ 2 THH @ SH® .y ® p: spatial pixel

W b : energy bin

Modulation parameters:

[E. Storm et al., JCAP 08 (2017) 022] — spatial,
[R. Bartels et al., Nature Astron. 2 (2018) 10] —_—
[F. Calore & S. Manconi, PRL 127 (2021) 16] spectral

[C. Armand & F. Calore, PRD 103 (2021) 8] — overall

— e — ——

\ Constralnts on the modulatlon parameters by penallsmg Ilkellhood functlon contrlbutlon on |
top of the Poisson likelihood: InZ=InZp+1In EZR

———
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Adaptive template-fitting with skyFACT

We go beyond standard template-fitting by adding regularised image reconstruction as
implemented in the software skyFACT.

k . component

Model ~ )’ Tz @ s¥h . y® p: spatial pixel

W b : energy bin

Modulation parameters:

[E. Storm et al., JCAP 08 (2017) 022] — spatial,
[R. Bartels et al., Nature Astron. 2 (2018) 10] —_—

[F. Calore & S. Manconi, PRL 127 (2021) 16] spectral
[C. Armand & F. Calore, PRD 103 (2021) 8] o overall

\ Constralnts on the modulatlon parameters by penallsmg Ilkellhood functlon contrlbutlon on |
top of the Poisson likelihood: In 2" = In Z' + In Z.

P &Y -

skyFACT

90II6OII30I 0 I—30II—60II—90
*model does not contain all known components Cldeg]  [E. Storm et al., JCAP 08 (2017) 022]
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Analysis rationale and setup

We aim to directly investigate the findings of Crocker et al. by adopting most of their
data selection and model composition; largest difference: 8 years —> 12 years of data.

Baseline gamma-ray emission components*:

Rationale: . Gas(HI) » Gas (Ho) » Inverse Compton »
1. Sequential fit to gamma-ray g | — - | .
data.based on templates on £ 6 6 6
the nght. % —30 —7 —7 —7

: b
& —40 A —8 =8 —8

N IGRB B Z/ Fermi Bubbles »
2. Enable iteratively spatial R 5 5 e
and spectral modulation of 5 -2 —6 —6 —6
the initial template input. g -% - 7 -
o —40° —8 —8 —8
Sagittarius ~ Point sources extended sources T?
0 4 4 —4.7
i 1 s E 0 5t
3. Run skyFACT initialisation cA %
twice: with and w/o £ ik
Sagittarius template to 5 J < J s
assess significance. 30° 15° 0° 345° 30° 15° 0° 345° 30° 15° 0° 345° %

Galactic Longitude Galactic Longitude Galactic Longitude
*Templates show the optimised components of Run 8.
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Definition and results of our systematic scan

Now some details: The systematic fits are initialised with priors on the spectral and
spatial morphology of the components as well as skyFACT hyper-parameters.

Run O Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8
Components L,
skyFACT hyper—parameters:[z 2/ A ]

AFGL (PLS) [: 205 1.0] [: 205 1.0] [: 205 1.0] [: 205 1.0} [: 205 1.0] [: 205 1.0] [ 205 10] [: 205 10] [: 205 10]
4FGL (ext) o] (8] (8] [8e=] [8o] [8ex] [8o] [8o] [85%]
NCRY (5801 (w80 (%800 I3 [ 00 [0 [ 0] [ °0°°) [ %°]
m° (He) (5801 [98°) (%820 [98°) [0 [0 [0 [5°0°°) [ %°]
IC (Fol (98 [56°) [96°] [T6°) [wo®¥) [50®%) [1500?) [150 7]
IGRB (5800 [T0) [30°°0] [F78°0] [§%°°) [9%°°] [0 [0 [T =]

n& Moon O O 10 160 10 16 0 10 16 0 10 160 10 160 10 16 0 10 160

—21In Lyase 309106 309227 309210 297427 297469 297419 297014 295710 296010
—21In Lyasetser 308879 309013 309002 297350 297389 297357 296987 295690 295996
Zger 0] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

- Fermi Bubbles are by default treated as uniform emission (restricte
- avoid bias by common data-driven models that include the cocoon region. Only once
([O. Macias et al., JCAP 09 (2019) 042]).
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Definition and results of our systematic scan

Now some details: The systematic fits are initialised with priors on the spectral and
spatial morphology of the components as well as skyFACT hyper-parameters.

Components Run 1 Run 2 Run 3 Run 4 //Run 6 Run 7 Run 8
skyFACT hyper-param ers:[z A ]

AFGL (PLS) 1251070 7-2510] [-2510] [-2510] [-2510] [-2510] [:2510] [-2510]
wrer ety figs=if ea=) fex] [aax] (20 98] (83 [25]
SXURE €30 ICTUINEITIE TR £ 59007 [5790°] [ 4
SXUSEE (20 ICIUINEITINCIIE £ [59900] [5°90°) [ 4
ic Feolf 8] (w800 [5820 [%80] 1 89) Lo $°) [ida ]
1GRE 50l fi5 o) [5%00] [5400) [5900] 5 0] [5900] [340 #]
Sun&Moon (TR0 [ ©°] [ ?] [so6 ] ool [ 00 [ 0°]
FBs (flat) Feolflwee] (w80 (w80 [w8°] - Ll [
FBs (structured) — — — — (% 99] — —
Sgr (50 [50°) [F8°) (95" (T60 (T8 (98]
—21n Lpase 309106 § 309227 309210 297427 297469 Q297419f 297014 295710 296010
—21In Lpase+sgr J308879 § 309013 309002 297350 297389 Q297357Q 296987 295690 295996
Zger 0] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

iliun 0: Standard template fit (+ spectral re-fitting of
| —> highest significance of Sagittarius; comparable to Crocker et al. results
| Run 5: Re-modulation of diffuse components except for Fermi Bubbles

—> Sig

TeVPA 2023

e

sources

all point-like

nificance of Sagittarius more than halved!
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Definition and results of our systematic scan

Now some details: The systematic fits are initialised with priors on the spectral and
spatial morphology of the components as well as skyFACT hyper-parameters.

TeVPA 2023

Components Run 1 Run 2 Run 3 Run 4 //Run 6 Run 7 Run 8
skyFACT hyper-param ers:[ i ]

AFGL (PLS) £ 25 1 [: 25 1.0] [: 25 1.0] [: 25 1.0} [: 25 1.0] [ 25 10] [: 25 10] [: 25 10]
4FGL (ext)  N[Go]f (80 [86%] [60%] [667] o] [8o] [8o~]
ST (0] IO CIDRE S RN 500 [00) (4]
SICSIEN (3R] IETOCI OIS (35900 [30°) (541
ic sool| (5801 (5800 (380 [58 010 [o¥0] [ ¥0]
IGRE oo flr o) (59000 [5900) [54°0) TR0 [54900) [540]
Sun&Moon (TR [T8°] [ 0°] [sow?] [ 0°] 0o 0] [ [0 °]
FBs (flat) (FolIRIT el 98] [¥8°] [§35°] — 919t ee] [o400 5]
FBs (structured) — — — — (% 99] — —
Ser (T6°] [%0°] [¥0°] [F5°] (56 [§8°] [%6°]
—21In Lpase 309106 § 309227 309210 297427 297469 Q297419 297014 295710 296010
—21In Lpasetrsgr QP308879 f 309013 309002 297350 297389 Q297357 Q1 296987 295690 295996
Zger 0] 13.6 13.1 12.9 6.9 7.0 6.0 3.0 2.2 1.5

[Fermi-LAT collab., ApJ 793 (2014) 64]
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Comparison Run 0 with Crocker et al. — Residuals

How do we compare/reproduce the original work [r. crocker et al., Nature Astron. 6 (2022) 111 in Run 0; the

standard template fit.

Data, 1.0 — 4.0 GeV Model, 1.0 — 4.0 GeV Residual/Model, 1.0 — 4.0 GeV

= residuals

—16°

—24°

—-32°

—40°

32° 24° 16° & 0° 352° 344° 32° 24° 16° 8% 0° 352° 344° 32° 24° 16° 8 0° 352° 344°

4 8 18 co?l?ltg 85 184 397 4 8 18 ngmg 85 184 397 —0.3 —0.2 _0'1f1-a(():t(1)on 0.1 02 0.3
Fermi-LAT data "Run 0 model Run 0 residuals
g Y B102 | | S |
R | r |
S 900 £ £
o S 2
El 1007 Yo ©
&5 —40° : »
30° 15° 0° 345° 30° 15° 0° 345° 30° 15° 0° 345°
Galactic Longitude Galactic Longitude Galactic Longitude

Residuals show a very similar structure in spatial morphology and overall magnitude.

Likewise, comparable significance of emission from Sagittarius.
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Comparison skyFACT Run 0 & 8

Run 0: Standard template fit.
Run 8: Spatial and spectral re-modulation of all diffuse components; varying level of
constraints.

Fermi-LAT data "Run 0 model Run 0 residuals
S 0% 1 ST 1 S ‘ 4
< 10 10 . <
= —10° 0.2 _‘5
R o 2 8 g
— = = 0.0 —
£ _30° 1 S 3 =
5 1 10 E
ch _400_ —OQE

30° 15° 0° 345° 30° 15° 0° 345° 30° 15° 0° 345°

Galactic Longitude Galactic Longitude Galactic Longitude

Fermi-LAT data ‘Run 8 model Run 8 residuals
O 0° | 2 1 | 2 1 | e
= : 10 10 =
E _10° _ r _ r 0.2 _5
T o 2 k2 g
s o : - 00 =
T | S 10! © E
(.c% _400_ —OQE

30° 15° 0° 345° 30° 15° 0° 345° 30° 15° 0° 345°

Galactic Longitude Galactic Longitude Galactic Longitude

As expected and intended, skyFACT reduces the residuals to a minimum erasing most of their
structure —> gamma-ray emission attributed to model components.
Optimising the diffuse background marginalises Sagittarius’ significance!
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Summary and outlook

e Crocker et al. [R. Crocker et al., Nature Astron. 6 (2022) 11] proposed to connect the gamma-ray emission
of the cocoon region within the Fermi Bubbles with the emission of millisecond
pulsars in the Sagittarius dwarf galaxy due to intriguing spatial overlap.

 We probe this hypothesis via skyFACT; thereby improving on the commonly employed
technique of template fitting to account for background mis-modelling.

 While we are able to reproduce the result of Crocker et al. in our model and a template fit,
the evidence for Sagittarius’ emission vanishes when fully accounting for
background mis-modelling.

Residual/Model, 1.0 — 4.0 GeV

Run 8 residuals

Run 0 residuals

o

b
o
)

|
=
o

|
o
)

(@n)

(@»)
fractional residuals

(@n)

(e}
fractional residuals

30° 15° 0° 345° 30° 15° 0° 345°
Galactic Longitude Galactic Longitude

Ongoing studies:

We examine the MSP hypothesis specifically via skyFACT simulations and fits of such a
population in the Sagittarius dwarf and pixel-count statistics as implemented in the
1pPDF method. Preliminary results of the latter study do not point towards significant
evidence for such a scenario.

TeVPA 2023 Christopher Eckner, eckner@lapth.cnrs.fr


https://doi.org/10.1038/s41550-022-01777-x
https://doi.org/10.1016/j.dark.2021.100845
mailto:eckner@lapth.cnrs.fr

