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Introduction for dark matter (DM)

e (Observational evidence:
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e Basic features of DM:

Electric neutrality

Don’t interact with baryon matter

Stable and long-life

moves slowly compared to the speed of light (Cold dark matter)
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Electromagnetic factor of DM

* Electrically neutral DM (such as WIMP) can acquire an effective coupling to
photons via loop effects

* For Dirac fermion y , the EM effective operator has the following form:

Dim-5: electric dipole moment (EDM) : L D D)Za‘“’y5)(Fm,
magnetic dipole moment (MDM) : L D M)ZO'I’W)(FMV

Dim-6: anapole moment (AM) : £ D ajyHy>xd"F,,
charge radius: L © byy*yovF,,

Dim-7: Rayleigh operator: £L D cyxF*E,, or L D cyy>xF*E,, ...



DM with EM Dipole Moment

P

* The Leading effective operator is the dimension-5 EM dipole
operator (D, u represent electric and magnetic dipole moments)
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AL = )_(O_,Lw()u + 75D)XF“U

* Such effective electromagnetic (EM) operators allow for efficient soft
scattering between dark matter and charged particles

p » The typical feature for dipole-charge scattering is
there is g~ dependence in scattering amplitude and
the cross-section has a well-known g2 divergence

» Dipole-charge scattering is the last infrared divergent
diagram with EM operators.



Dipole-charge scattering cross-section

* Non-relativistic scattering (DM and hot gas)

do
= [ dcosf 1 — cost
do {QDZUZ(llamSQ) (EDM) 7r () / - dcosf?( o)
T 9 3m? —I—memp—l—Zm
dcost 2(my +mp )2 (1—cos 0)
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v is relative velocity between DM and gas. For EDM, there is a explicit v =2 dependence
For MDM, the leading term is finite and not enhanced by v ™2

» Relativistic scattering (DM and cosmic ray)

do ﬁ(w? 2ET, —myTy) (EDM)
iy N |
de T T i |2(2|p|2 2ET, + myTy) (MDM) E is the total energy of proton

p is the incident proton’s 3-momentum
1 T, is the DM kinetic energy after collision

2 1 2 /
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Boltzmann Equation

* For a flat FRW metric, the Boltzmann equation is
E(0, —Hp-Vp) f=Cl[f]
C[f] = v(T)my [my TV +p - Vp + 3] f(p)

v(T) represents the momentum exchange rate between DM and
relativistic SM particles, which can be written as

0
gsMm 5 1 + +y 1 T2
dkk 1 — dt(—t .
6(2m %me/ Wt (1F97) g f_m (=H)IM|

When DM scatter with non-relativistic particles, the momentum
transfer rate can be expressed as

8aD?my pi Tx | Tiy-1/2 /
’Y _ { \/ﬂ('mi‘}'mx)? (mX + 'mi) (EDBI)

204" mypi {_M] Tx /2 (MDM
Varmim? |1 T ity (= + )2 (MDM)
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DM temperature evolution

The DM temperature evolution equation

(1+ Z)ﬂ = 2T, + 1(T) (T, = T) The two asymptotic behaviour of DM

dz temperature:
| At high temperature, T), = Teyp < a™*
-1 At low temperature, T}, < a~*
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The choice of parameter: m, = 1 GeV
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The decoupling temperature: around 30MeV (asterisk)



Free-streaming scale and protohalo size

* After ty4, DM can free stream from areas of high to low density, erasing
the perturbations on scales smaller than the free-streaming length

The free-streaming length is the distance that DM can travel freely from
the time of kinetic decoupling to present time t,

* The smallest protohalos from free-streaming effects can be estimated
as the DM mass contained inside a sphere of radius As¢/2

47 Afo
Mys = ?pm(tll)( éf

)3'

* For GeV scale dark matter and a kinetic decoupling temperature around
30 MeV, the corresponding protohalo mass is around 10_7M@



Jeans scale and Jeans mass

The Jeans scale is a system’s typical size for gravitational instability
appearance and it is related to the DM temperature

p
Ag = Csq/ @ Cs isthe sound speed, C; = /T /m

When A1 > A;, the system will become unstable and gravitational
perturbation can sustainingly grow. The DM mass contained inside a
sphere of radius 4, /2 is the Jeans mass

47 1 S p5/2 c3
M;yp=—pm!| =A = = .
7= 3f (2 J) 6 G:—}/Z’O}?{Q

The DM temperature during structure formation (z ~ 20 - 30)
is around 107®K, and the corresponding Jeans mass is around 1071°M

As a conservative choice, we may adopt the larger of the two as the
small-scale structure cut-off, i.e. the free-streaming scale to give the
smallest protohalo mass.



Subhalo heating rate due to hot gas

When subhalo colliders with ionized hot gas, the thermally averaged
energy transfer rate of per unit time is

1 = =2 2
dAFE My P : : Fr(@y) = = o~ |0 =0l /7%
R N S o O Ty
x o ([t — Vpl) [t — U [Uem - (T — Ty )] fp(op) = e ol ~po %/ 25T
In the limit that energy transfer rate is
dominated by their relative velocity v
ZQDQmpmxppv
dAE, () % (EDM)
dt 2 _ mp(mpt+dmy) | mpmyppv*
305” [1 3(mp+mx)2 (mp+mx)2 . (MDM)

* For EDM, the heating rate is proportional to relative veolocity v between DM and gas

« For MDM, the heating rate is proportional to v>
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Subhalo heating rate due to cosmic ray

When subhalo colliders with cosmic ray, the heating rate is obtained by
integrating transfer cross-section g with the cosmic ray flux intensity @

dAE

/AE nv do
dd do

 The proton energy spectrum is an approximate
E~%7power-law above the GeV scale.

E? dN/AE(GeV m™ s srh)

e So far the cosmic ray energy spectrum has only
been measured locally at the Earth.

10 1010 10010100 10 10° 10 10° 10" 10°
E(GeV)
The relative intensity distribution in other location can be modeled as

The volume-averaged proton flux within 1 kpc
-sech(z/zcRr) from the galactic center is about 2.1 times of
that at the Sun’s location.

I(r,z) _ sech(r/rcr)
I(re,0)  sech(re/roR)
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Escaped time scale

* The time scale for an average DM particle to be heated to its host
subhalo’s escaped velocity can be estimated as

1 dAE, \ !
Tesc. = iﬂlx (?‘?gsc o {UIQ'ms) ) ( dt X)

_ ('mX + nLP)Q U(Esc T UI?I'J’JS ( ) )—1
= T}'LQ . sz ar U'np .
P

The time scale in
term of o

TESC .

* The Stability of subhalos would require 7,.. > 10%° yr by collision with
either gas or cosmic rays . By assuming the survival of subhalos, we can
get an upper limit on the DM’s dipole form factor.

* DM particle’s root-mean-square velocity v,,,,s , escaped velocity
Vosc and velocity dispersion §,, depend on the subhalo size

M )1/3 For a Maxwellian distribution:

dp ~ 3.9 km/s (105M@ Vrms=1.73 8y , Vpso= 2.44 6,
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Dipole moment limits

D(u)(Gev)

m, = 1GeV
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jof * Cosmic ray collisions are insensitive to
) subhalo’s velocity and their limits on
0 1? EDM and MDM are comparable.
1072 L -
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Dipole moment D and u limits for different subhalo’s
velocity dispersion (corresponding to different subhalo
size) that leads to 1010 yr evaporation.
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Dipole moment limits
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Dark matter EDM and MDM limits that leads to 101 yr evaporation versus
the different DM particle mass from soft collisional heating on gas(blue line)
with v = 10™% and relativistic scattering with cosmic rays(red line).

The solid and dashed line respectively represent the evaporation limits of
visible subhalo (1O6M@)and a much lower invisible subhalo (10_5M@)
that allows the dipole moment sensitivity dips below the current direct-

search dipole limits.
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DM with Coulomb-like Interaction

The typical scenario to realize DM Coulomb-like interaction is the
kinetically mixed U(1)'model

LD —eA,py"p+eg A X7 X

We use the Debye screening length to be the maximal impact parameter to
regulate the forward scattering singularity of momentum-transfer integral

e eeq
Ap = T . =) f,;, = arctan QXE N X
e2xon,’ 4T iy pU* AD 67T, AD

In terms of the cutoff scattering angle, the momentum-transfer
cross section is

: 3

B 2melaay, 1 2 ( Omin -~ 2me° vy I i,

N T T 2 R dre2ala, xen
Hyp? Hxp ; bt £

Be different from dipole-charge scattering, such cross-section 0 = gyv~

4
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Evaporation of DM Subhalos

(5 = Lottt

dAE My P ;
dtp =(mxj—:np) /ddvpfp (UP)/dgvxfx (vy) n
Uy — Up|) |Uy — Uy| [0 7 — 7 oy _ L m 5,02
X or (le o vpl) |UX o vp' [Ucm : ('Up = ’UX)] fp(vp) = ;6 plUp—Upo|*/2kpT
dAE, mXPpQO'O [2 T, —2 T, o~ N mpF(r)
di (my +myp)” V2mug, U, r

In the limit that energy transfer rate is dominated by their relative velocity v,
the heating rate can take a much simpler expression

dAE,  mymyp,00

dt (my + mp)2 v
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Evaporation Constraint
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* For subhalos at a 1 kpc orbit radius from the center of the Milky Way , the

®
U
3

10738

1077

10~ 40 |

10—42 Lran

1 : CMB+BAO

Milky—Way subhalos

Cams Major (4.9x10"M

-
-
——
o ————————————— -

- 10°M_,10kpe

m, [MeV]

00

1000

corresponding evaporation limit on g is one order of magnitude stronger than
previous CMB+BAO constraint for a DM mass range below GeV scale.

* Fully ionized galactic gas can evaporate subhalos below 107'5M@ at a 1 kpc orbit
radius, at a larger 10 kpc orbit, the affected subhalo mass will drop to 105M@.
The evaporation limit of Canis Major substructure is comparable with Lyman-a.
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Evaporation Constraint

10727+ M|? py e[ M|?
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10735 ¢ t
_37f
10 e _ 1 M l6me*aay i3,
O = =
0.1 1 10 100 1000 167 (me + my )2 . i,
—{ref
m,[MeV]
_ _atmg Y .
Og = Op. 00 = O¢ X W ¢ is the Debye logarithm in transfer cross section.
XP

* The direct-detection experiments can also constrain the same t-channel
scattering process, which can be the complementarity of cosmological probes.

* The evaporation limits of subhalos can readily extend sub-MeV DM mass range

where the direct detection experiments lose sensitivity.
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Summary

DM can acquire a electromagnetic factor which allows for efficient
soft scattering between DM and environmental charged particles.

We have studied DM kinetic decoupling in the Early Universe and
temperature evolution, then evaluate the corresponding smallest
protohalo mass within current direct detection limits.

In the late Universe, for subhalos located in inner galactic regions, we
calculate their evaporation rate by colliding with galactic ionized
particles including hot gas and cosmic ray.

For dipole-charge scattering, when satisfying the current sub-GeV
direct detection limits, the galaxy’s ionized particles are capable of
evaporating subhalos below 10_5M@.

For Coulomb-like scattering, when satisfying the current sub-GeV
CMB+BAO limits, the galaxy’s ionized particles are capable of

evaporating subhalos below 107'5M@. .
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