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PRIMORDIAL MAGNETIC FIELDS ENHANCE 

POWER SPECTRUM ON SMALL SCALES
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𝑘𝐷 ∼ 3 Τ𝑛𝐺 𝐵0 Mpc−1 

BACKREACTION FROM BARYONS SUPPRESSES 

BARYON DENSIT Y PERTURBATIONS BELOW 

MAGNETIC DAMPING (JEANS) SCALE
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𝑘𝐷 ∼ 3 Τ𝑛𝐺 𝐵0 Mpc−1 

Wasserman 1978, Kim et al 1996, 
Subramanian and Barrow 1997, Gopal and 
Sethi 2003.…

EARLIER WORKS FOCUSED ON SCALES BELOW 

MAGNETIC DAMPING (JEANS) SCALE

See also Mak’s talk later
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𝑘𝐷 ∼ 3 Τ𝑛𝐺 𝐵0 Mpc−1 

MY STUDY FOCUSES ON SCALES BELOW 

MAGNETIC DAMPING (JEANS) SCALE
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𝑘𝐷 ∼ 3 Τ𝑛𝐺 𝐵0 Mpc−1 

FINDING: HIGHLY ENHANCED POWER 

SPECTRUM BELOW JEANS SCALE
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𝑘𝐷 ∼ 3 Τ𝑛𝐺 𝐵0 Mpc−1 

FINDING: BARYON PERTURBATION 

SUPPRESSED BELOW JEANS SCALE BUT NOT 

DARK MAT TER!
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Regime of interest



IDEAL MHD IN PHOTON DRAG REGIME:

LAMINAR FLOW IN BARYONS
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𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 +

( Ԧ𝑣𝑏. ∇) Ԧ𝑣𝑏

𝑎
=

∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏
−

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 
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𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 +

( Ԧ𝑣𝑏. ∇) Ԧ𝑣𝑏

𝑎
=

∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏
−

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 



IDEAL MHD IN PHOTON DRAG REGIME:

LAMINAR FLOW IN BARYONS

Pranja l  Ralegankar 15

𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 =

∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏
−

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

Abel and Jedamzik 2010, 
Campanelli 2013, 
Jedamzik and Saveliev 2018
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𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 =

∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏
−

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

Gravity

Thermal pressure
Lorentz force
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 
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LARGE LORENTZ FORCE LIMIT
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 
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MAGNETIC DAMPING SCALE
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

Campanelli 2013

𝑃𝐵 𝑘, 𝑡 = 𝑃𝐵 𝑘, 𝑡𝐼 𝑒
−

𝑘2

𝑘𝐷
2

𝑘𝐷
−1 𝑎 ∼ 𝜏𝑣𝑏
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

𝑃𝐵 𝑘, 𝑡 = 𝑃𝐵 𝑘, 𝑡𝐼 𝑒
−

𝑘2

𝑘𝐷
2

ASSUMED 
𝐵0 Gaussian

Campanelli 2013

𝑘𝐷
−1 𝑎 ∼ 𝜏𝑣𝑏



IDEAL MHD IN PHOTON DRAG REGIME:

DAMPING SCALE GROWS WITH TIME
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

𝑘𝐷
−1 𝑎 ∼ 𝜏𝑣𝐴

𝑃𝐵 𝑘, 𝑡 = 𝑃𝐵 𝑘, 𝑡𝐼 𝑒
−

𝑘2

𝑘𝐷
2

𝑃𝐵(𝑘)

𝑘

𝑘𝐼
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𝐻 + 𝛼 Ԧ𝑣𝑏 ≈
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕 (𝑎2𝐵)

𝜕𝑡
=

∇ × ( Ԧ𝑣𝑏 × 𝑎2𝐵)

𝑎

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎
−

∇. (𝛿𝑏 Ԧ𝑣𝑏) 

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 

𝑘𝐷
−1 𝑎 ∼ 𝜏𝑣𝐴

𝑃𝐵 𝑘, 𝑡 = 𝑃𝐵 𝑘, 𝑡𝐼 𝑒
−

𝑘2

𝑘𝐷
2

𝑃𝐵(𝑘)

𝑘

𝑘𝐼



SOLVING DENSIT Y PERTURBATION EQUATIONS
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𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 = 𝐿𝐵 −

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝐿𝐵 =
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 
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𝜕 Ԧ𝑣𝑏

𝜕𝑡
+ 𝐻 + 𝛼 Ԧ𝑣𝑏 = 𝐿𝐵 −

cb
2∇𝛿𝑏

𝑎
−

∇𝜙

𝑎

𝐿𝐵 =
∇ × 𝐵 × 𝐵

4𝜋𝑎𝜌𝑏

𝜕𝛿𝑏

𝜕𝑡
= −

∇. Ԧ𝑣𝑏

𝑎

∇2𝜙 =
𝑎2

2𝑀𝑃𝑙
2 (𝜌𝑏𝛿𝑏 + 𝜌𝐷𝑀𝛿𝐷𝑀)

𝜕2𝛿𝐷𝑀

𝜕𝑎2 +
𝜕 ln(𝑎2𝐻)

𝜕 ln 𝑎
+ 1

𝜕𝛿𝐷𝑀

𝑎𝜕𝑎
=

∇2𝜙

𝑎2𝐻 2 



PERTURBATION EVOLUTION PLOT
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

𝐵𝐼 = 5 nG



PERTURBATION EVOLUTION PLOT
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

𝐵𝐼 = 5 nG



LORENTZ FORCE ENHANCES BARYON 

PERTURBATIONS FOR MODES OUTSIDE 𝑘𝐷
−1
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

𝐵𝐼 = 5 nG



BARYON PERTURBATIONS ASYMP TOTE ONCE 

MODE ENTERS 𝑘𝐷
−1
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

𝐵𝐼 = 5 nG



BARYON PERTURBATIONS DAMPED BY THERMAL 

PRESSURE
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

𝐵𝐼 = 5 nG
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

BARYON PERTURBATIONS DAMPED BY 

TURBULENCE AT RECOMBINATION

𝐵𝐼 = 5 nG
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

DARK MAT TER PERTURBATIONS CONTINUES TO 

GROW!

𝐵𝐼 = 5 nG
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B(t)

𝜃𝑏

𝛿𝑏

𝛿𝐷𝑀

Lorentz force

Compressible 
flow

gravity

DARK MAT TER PERTURBATIONS ENHANCED BY 

ORDERS OF MAGNITUDE COMPARED TO ΛCDM

𝐵𝐼 = 5 nG
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𝐵0𝐼 = 0.525nG

COMPARING WITH SIMULATIONS: ANALY TICAL 

NOT THAT BAD



CONSTRAINTS 

ON PMF
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Cosmic void/blazar lower bound
Durrer and Neronov 2013



EVOLUTION OF 

EARLY 

UNIVERSE 

PMFS
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Cosmic void/blazar lower bound
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RELEVANCE 

OF DARK 

MAT TER 

MINIHALO 

GENERATION

Cosmic void/blazar lower bound
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PARAMETER SPACE WITH ENHANCED POWER ON 

SMALL SCALES

=
𝑃(𝑘)

𝑃Λ𝐶𝐷𝑀(𝑘)

DM minihalo 
mass

Present-day 
magnetic field 
strength

Subscript 𝐼 
refers to the 
time at the 
beginning of 
laminar flow 
regime
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PARAMETER SPACE WITH ENHANCED POWER ON 

SMALL SCALES: THEIA SKA SENSITIVIT Y

=
𝑃(𝑘)

𝑃Λ𝐶𝐷𝑀(𝑘)

DM minihalo 
mass

Present-day 
magnetic field 
strength

Subscript 𝐼 
refers to the 
time at the 
beginning of 
laminar flow 
regime
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PARAMETER SPACE WITH ENHANCED POWER ON 

SMALL SCALES: P TA SENSITIVIT Y

=
𝑃(𝑘)

𝑃Λ𝐶𝐷𝑀(𝑘)

DM minihalo 
mass

Present-day 
magnetic field 
strength

Subscript 𝐼 
refers to the 
time at the 
beginning of 
laminar flow 
regime
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MINIHALOS

FROM 

CAUSALLY 

GENERATED 

PMFS

Cosmic void/blazar lower bound



Pranja l  Ralegankar 41

MINIHALOS

FROM 

CAUSALLY 

GENERATED 

PMFS

QCDPTEWPT

Cosmic void/blazar lower bound
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PMFS TO 

EXPLAIN 

COSMIC VOID 

OBSERVATIONS

QCDPTEWPT

Cosmic void/blazar lower bound
Assuming Batchelor spectrum!
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UNIVERSE 

MAYBE FILLED 

WITH DARK 

MAT TER 

MINIHALOS!!

QCDPTEWPT

Cosmic void/blazar lower bound
Assuming Batchelor spectrum!



• Magnetic fields can enhance power dark matter 

power spectrum below magnetic Jeans scale.

• PTA/GAIA detection of DM minihalos can provide 

best probe of primordial magnetic fields

• Results are qualitative: Need MHD simulations to 

get accurate quantitative answers.

• Ironic: how invisible dark matter can help look 

for visible entity: magnetic fields
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SUMMARY AND CONCLUDING REMARKS



PROBLEM WITH LORENTZ FORCE IN MY 

LAT TICE
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INITIALIZING STOCHASTIC PMFS ON LAT TICE
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LORENTZ FORCE POWER SPECTRUM DOESN’T 

AGREE WITH THEORY
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𝑘3𝑃𝐿𝐵
𝑘

2𝜋2

𝐿𝐵 ∝ ∇. (∇ × 𝐵) × 𝐵



THE SUPPRESSION OF POWER IS ALSO SEEN 

IN AREPO (PRELIMINARY!!)
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Almost scale invariant Magnetic fields

Baryon power spectrum



BACKUP SLIDES
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COMPARING WITH FULL MHD SIMULATIONS
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COMPARING WITH SIMULATIONS: SENSITIVE TO 

INITIAL POWER SPECTRUM

𝐵0𝐼 = 0.525nG
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𝐵0𝐼 = 0.525nG

𝑃𝐵(𝑘)

𝑘

COMPARING WITH SIMULATIONS: SENSITIVE TO 

INITIAL POWER SPECTRUM



MORE PERTURBATION PLOTS
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𝐵0 = 1nG
𝑘𝐼 = 104 𝑀𝑝𝑐−1
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𝐵0 = 8nG
𝑘𝐼 = 104 𝑀𝑝𝑐−1

MORE PERTURBATION PLOTS
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