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• Blazars are AGN with their jet pointing at us.

TeV-𝛾

Earth

AGN

3



• Blazars are AGN with their jet pointing at us.

• TeV gamma-rays attenuate in the cosmic voids giving GeV cascade.
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• Blazars are AGN’s with their jet pointing to us.

• TeV gamma-rays attenuate in the cosmic voids giving GeV cascade.
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Neronov and Vovk (2010)

The electromagnetic cascade
is missing in the observations

Fermi-LAT upper limit

Cascade emission
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First possible solution
Pairs deflected by IGM magnetic fields

Neronov and Vovk (2010)𝐵𝐼𝐺𝑀 > fG
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Energy loss by plasma instability before IC

Second possible solution

Broderick et al (2012)
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Earth
Primary
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Energy loss by plasma instability before IC

Second possible solution

Broderick et al (2012)

EBL

𝛿𝐸 ∝ exp 𝜔𝑖𝑡

𝜔𝑖
−1 ≪ 𝜏IC

𝝎𝒊: Linear growth rate.
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𝑒−

TeV-𝛾

𝑒+

CMB

Earth
Primary

AGN

Energy loss by plasma instability before IC

Second possible solution

Broderick et al (2012)

EBL

𝛿𝐸 ∝ exp 𝜔𝑖𝑡

𝜔𝑖
−1 ≪ 𝜏IC

𝝎𝒊: Linear growth rate.
Uncertain nonlinear saturation
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Are the two solutions 
independent of each other?



Are the two solutions 
independent of each other?

NO, IGMFs impact on the instability.

Alawashra and Pohl (2022) ApJ 929 67



IGMFs impact the instability 
•Weak IGMFs with small correlation lengths, λ𝑩 ≪ λ𝒆, 

deflect the beam stochastically 

• IGMFs widening of the beam impacts the instability 
growth:

Alawashra and Pohl (2022) ApJ 929 67

∆𝜃 =
1

𝛾
1 +

2

3
λ𝑒λ𝐵

𝑒𝐵𝐼𝐺𝑀
𝑚𝑒𝑐
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𝜔𝑖 ∝
1

∆𝜃2
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Instability suppression by the IGMFs
Alawashra and Pohl (2022) ApJ 929 67
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•Assume certain non-linear saturation of the waves

We consider the one found in Vafin et al. (2018) 

9

IGMFs impact the instability 

𝜏loss
−1 = 2 𝛿 𝜔𝑖,max

𝛿 = 𝑊tot/𝑈beam

𝜏loss/𝜏IC = 0.026



•Assume certain non-linear saturation of the waves

We consider the one found in Vafin et al. (2018) 

9

IGMFs impact the instability 

𝜏loss
−1 = 2 𝛿 𝜔𝑖,max

𝛿 = 𝑊tot/𝑈beam

• The instability is suppressed by the IGMFs when

𝜏loss = 𝜏IC

𝜏loss/𝜏IC = 0.026



Instability suppression by the IGMFs

Alawashra and Pohl (2022) ApJ 929 6710



Is there something else that can 
impact the instability?



Is there something else that can 
impact the instability?

Yes, Nonlinear feedback.

Alawashra and Pohl (2024) ApJ 964 82

Perry and Lyubarsky (2021)



Feedback of the instability on the pair beam
Breizman and Ryutov (1970)

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝑝

𝜕𝑓

𝜕𝑝

+
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𝑝2
𝜕

𝜕𝑝
𝑝𝐷𝑝𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝2
𝜕

𝜕𝑝
𝑝2𝐷𝑝𝑝

𝜕𝑓

𝜕𝑝

𝐷𝑖𝑗(𝒑) = 𝜋𝑒2 ,𝑑3𝒌𝑊(𝒌 𝑡)
𝑘𝑖𝑘𝑗

𝑘2
𝛿 𝒌 ∙ 𝒗 − 𝜔𝑝

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)

𝜔𝑖 𝒌 =𝜔𝑝
2𝜋2𝑛𝑏𝑒

2

𝑘2
𝑑3𝒑 𝒌 ∙

𝜕𝑓(𝒑)

𝜕𝒑
𝛿 𝜔𝑝 − 𝒌 ∙ 𝒗
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𝒇: Beam distribution

𝑫𝒊𝒋: Diffusion coefficients

𝑾: Wave energy density

𝝎𝒊: Linear growth rate



Feedback of the instability on the pair beam
Breizman and Ryutov (1970)
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The significant feedback initially is the beam widening 𝜽𝜽. 

Feedback of the instability in Perry and Lyubarsky (2021) 
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𝜕𝑓(𝑝, 𝜃)
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0

∞

𝑑𝑝 𝑝 𝑓(𝑝, 𝜃) ≈ exp(−0.2 𝛾𝜃 5)

Considered simplified 1D beam distribution.

Feedback of the instability in Perry and Lyubarsky (2021) 

𝛾 = 106
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𝜕𝑓(𝑝, 𝜃)
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∞

𝑑𝑝 𝑝 𝑓(𝑝, 𝜃) ≈ exp(−0.2 𝛾𝜃 5)

Considered simplified 1D beam distribution.

Feedback of the instability in Perry and Lyubarsky (2021) 

𝛾 = 106

The beam widens by one order of 
magnitude, suppressing the instability 

energy loss of the beam.
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•What is the feedback impact on the GeV cascade?
Need the realistic 2D beam distribution. 

•What is the impact of continuous pair production?
Need to include pair injection in the beam evolution 
equation.

Questions

13



What is the feedback impact on the GeV cascade?

Q1



2D simulation of the widening feedback

• Start with the realistic beam distribution at 50 Mpc from 
blazar (Vafin et al (2018)).
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Earth

AGN

50 Mpc

14



2D simulation of the widening feedback

• Start with the realistic beam distribution at 50 Mpc from 
blazar (Vafin et al (2018)).

𝑒−
TeV-𝛾

𝑒+
EBL

Earth

AGN

50 Mpc

14



2D simulation of the widening feedback
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0.05 Mpc

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)
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2D simulation of the widening feedback

𝑒−
TeV-𝛾

𝑒+
EBL

AGN

50 Mpc

0.05 Mpc

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃
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𝜕𝜃
Beam and IGM parameters

𝑛𝑏 = 3 × 10−22 cm−3

𝑛𝑒 = 10−7 1 + 𝑧 3cm−3

𝑇𝑒 = 104𝐾
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∆𝜃 =
1

𝛾

𝑒±

𝑒±

Initially focused beam
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𝑒±

𝑒±

Plasma waves grow due to the focused beam

𝒌

𝒌

∆𝜃 =
1

𝛾
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∆𝜃 =
𝐴(𝛾)

𝛾

𝑒±

𝑒±

𝒌

𝒌

The feedback of the waves widens the beam
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𝑒±

𝑒±

𝒌

𝒌

Waves growth is reduced

𝜔𝑖 ∝
1

∆𝜃2

∆𝜃 =
𝐴(𝛾)

𝛾

15



𝑒±

𝑒±

𝒌

𝒌

Waves get damped

𝜔𝑖 < |𝜔𝑐|

∆𝜃 =
𝐴(𝛾)

𝛾
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Significant  widening of the beam

16

Alawashra and Pohl (2024) ApJ 964 82



The instability is suppressed by the widening

Common logarithms 
of time in seconds:

17
Alawashra and Pohl (2024) 
ApJ 964 82



Beam energy loss is subdominant

18

Alawashra and Pohl (2024) ApJ 964 82



What is the impact of continuous pair production?

Q2



What is the impact of pairs continuous production ?

Continuous production of new pair due to the gamma-rays 
annihilation with EBL 

We just need to add a constant source term, 𝑸𝒆𝒆. 

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
+ 𝑄𝑒𝑒

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)

We used the production rate found by Vafin et. al (2018).
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𝑒±

𝑒±

𝒌

𝒌

New focused pairs get produced 

∆𝜃 =
1

𝛾

𝑒±

𝑒±

∆𝜃 =
𝐴(𝛾)

𝛾
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𝑒±

𝑒±

𝒌

𝒌

New waves get generated 

𝑒±

𝑒±

𝒌

𝒌

∆𝜃 =
1

𝛾
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A new quasi-steady state 
is established

21



𝑒±

𝑒±

A balance between the instability widening and the 
injection is established.

∆𝜃 =
1

𝛾

𝑒±

𝑒±

𝒌

𝒌22



The beam keeps widening

23

Alawashra and Pohl (2024) 
ApJ 964 82



Observational implications



𝑒±

TeV-𝛾

GeV-𝛾 •
Earth

AGN

TeV-𝛾

∆𝜽

𝑫𝒄

𝑫𝒃

Cascade arrival time delay due to
the instability broadening 

∆𝑡delay ≅
∆𝜃2

2

𝐷𝑐𝐷𝑏 − 𝐷𝑐
2

𝑐𝐷𝑏
24



𝑒±

GeV-𝛾 •
Earth

AGN

∆𝜽 𝜸 = 𝟏𝟎𝟔, 𝝉𝑰𝑪 = 𝟒 × 𝟏𝟎−𝟒 rad

𝑫𝒄 = 𝟓𝟎𝐌𝐩𝐜

𝑫𝒃 = 𝟕𝟐𝟎 𝐌𝐩𝐜

Cascade arrival time delay due to
the instability broadening 

Simulation setup and result

∆𝒕𝐝𝐞𝐥𝐚𝐲 ≅ 𝟏𝟐 yr

24 Alawashra and Pohl (2024) ApJ 964 82



Conclusions
• IGMFs suppress the instability.

• Widening feedback is the dominant instability feedback.

• New quasi-steady state with continues pairs production.

25

Outlook

• Calculating the instability broadening at different distances in 
the IGM. 



Thank you 
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Suppression of the cascade emission by IGMFs

H.E.S.S. Collaboration (2023)6



Alves Batista et al (2019)

Suppression of the cascade by instability energy loss 

8



What about the other angular diffusion term 𝜽𝒑?

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝑝

𝜕𝑓

𝜕𝑝

+
1

𝑝2
𝜕

𝜕𝑝
𝑝𝐷𝑝𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝2
𝜕

𝜕𝑝
𝑝2𝐷𝑝𝑝

𝜕𝑓

𝜕𝑝

With time: Decreases Constant
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We need to compare:

𝐼𝜃𝑝 = න𝑑 cos 𝜃
𝜕𝑓

𝜕𝑡
⃒𝜃𝑝 = න𝑑 cos 𝜃

1

𝑝𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝑝

𝜕𝑓

𝜕𝑝

𝐼𝜃𝜃 = න𝑑 cos 𝜃
𝜕𝑓

𝜕𝑡
⃒𝜃𝜃 = න𝑑 cos 𝜃

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
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Relevant for pairs with Lorentz factors less than 𝟏𝟎𝟔

24

Alawashra and Pohl (2024) ApJ 964 82



Can we quantify the energy loss/gain in the momentum 
diffusion terms?

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
+
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𝑝𝜃
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𝜃𝐷𝜃𝑝

𝜕𝑓

𝜕𝑝

+
1

𝑝2
𝜕

𝜕𝑝
𝑝𝐷𝑝𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝2
𝜕

𝜕𝑝
𝑝2𝐷𝑝𝑝

𝜕𝑓

𝜕𝑝
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Can we quantify the energy loss/gain in the momentum 
diffusion terms?

𝑑𝑈𝑏
𝑑𝑡

⃒𝑝𝜃(𝑡) = 2𝜋𝑚𝑒𝑐
2න𝑑𝜃 𝜃 න𝑑𝑝 𝑝2 𝛾

𝑑𝑓

𝑑𝑡
⃒𝑝𝜃(𝑝, 𝜃)

𝑑𝑓

𝑑𝑡
⃒𝑝𝜃 =

1

𝑝2
𝜕

𝜕𝑝
𝑝𝐷𝑝𝜃

𝜕𝑓

𝜕𝜃
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Can we quantify the energy loss/gain in the momentum 
diffusion terms?

𝑑𝑈𝑏
𝑑𝑡

⃒𝑝𝜃(𝑡) = 2𝜋𝑚𝑒𝑐
2න𝑑𝜃 𝜃 න𝑑𝑝 𝑝2 𝛾

𝑑𝑓

𝑑𝑡
⃒𝑝𝜃(𝑝, 𝜃)

𝑑𝑓

𝑑𝑡
⃒𝑝𝜃 =

1

𝑝2
𝜕

𝜕𝑝
𝑝𝐷𝑝𝜃

𝜕𝑓

𝜕𝜃

∆𝑝𝜃≡
∆𝑈𝑏
𝑈𝑏0

⃒𝑝𝜃 𝑡𝑠 =
1

𝑈𝑏0
න
𝑡0

𝑡𝑠

𝑑𝑡
𝑑𝑈𝑏
𝑑𝑡

⃒𝑝𝜃 𝑡

26



Momentum diffusion and energy loss are subdominant
Alawashra and Pohl (2024) accepted in ApJ
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𝑒±

𝑒±

On the waves side: A balance between the growth and  the 
damping is established.

𝑒±

𝑒±

𝒌

𝒌

𝜔𝑖 = |𝜔𝑐|

∆𝜃 =
1

𝛾

31



The linear growth rate balances the damping rate

32
Alawashra and Pohl (2024) 
ApJ 964 82



Steady state waves spectrum

33 Alawashra and Pohl (2024) 
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𝑒±

𝑒±

On the beam side: A balance between the widening and the 
injection is established.

∆𝜃 =
1

𝛾

𝑒±

𝑒±

𝒌

𝒌34



Plasma waves energy density evolution

38



𝑒±

𝑒±

A balance between the instability widening and the 
injection is established.

∆𝜃 =
1

𝛾

𝑒±

𝑒±

𝒌

𝒌31



Add more Physics
IC cooling



Beam evolution including the full Physics (almost) 

The IC cooling is only relevant for particle momentum

We use the same linear evolution of the plasma waves

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
+

1

𝑝2
𝜕

𝜕𝑝
− ሶ𝑝𝐼𝐶𝑝

2𝑓 + 𝑄𝑒𝑒

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)

ሶ𝑝𝐼𝐶 = −
4

3
𝜎𝑇𝑢𝐶𝑀𝐵𝛾

2
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Momentum beam distribution evolution
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Beam broadening is almost unaffected
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Ackermann et al.
The Astrophysical Journal Supplement Series, 237:32 (36pp), 2018 August



Ackermann et al.
The Astrophysical Journal Supplement Series, 237:32 (36pp), 2018 August



Constraints on the IGMF with H.E.S.S. and Fermi LAT
ApJ Letters 2023, Volume 950, Number 2 950, L16



Andrew Taylor (private communication)





Simulation steps



2D simulation of the widening feedback

𝑒−
TeV-𝛾

𝑒+
EBL

AGN

50 Mpc

0.05 Mpc

𝜕𝑊(𝒌,𝑡)

𝜕𝑡
= 2 𝜔𝑖 𝒌 + 𝜔𝑐 𝑊(𝒌, 𝑡)

𝜕𝑓(𝑝, 𝜃)

𝜕𝑡
=

1

𝑝2𝜃

𝜕

𝜕𝜃
𝜃𝐷𝜃𝜃

𝜕𝑓

𝜕𝜃
Crank–Nicolson method

Forward time method





Tigik et al. (2019)

More accurate collisional damping rate 
from Tigik et al. (2019)

20 times smaller













Significant  widening of the beam
Alawashra and Pohl (2024) accepted in ApJ



Alawashra and Pohl (2024)
accepted in ApJ

The instability is suppressed by the widening

Common logarithms 
of time in seconds:



Unstable wave spectrum evolution

Alawashra and Pohl (2024)
accepted in ApJ





Relevant for pairs with Lorentz factors less than 𝟏𝟎𝟔

Alawashra and Pohl (2024) accepted in ApJ





Small energy loss even for higher densities
Alawashra and Pohl (2024) accepted in ApJ







𝜔𝑖,𝑚𝑎𝑥 = 7 × 10−8𝑠−1

Chang et al.
The Astrophysical Journal, 797:110 (6pp), 2014 December 20









Resonance 



















Chang et al.
The Astrophysical Journal, 833:118 (12pp), 2016 December 10



Injection simulation





With Injection



The beam keep widens 



Still no significant energy loss



2D analysis of diffusion equation





Impact of widening at small angles



The other term is relevant here



Not the same case for higher Lorentz factors



Angular widening dominate for larger Lorentz factors



Perry and Lyubarsky (2021)



Perry and Lyubarsky (2021)

Significant beam broadening yields instability suppression



Old Collisional damping  with Injection
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