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Over view

◦ Quick  in tr o

◦ Lin ea r  p r ed ic tion s

◦ SKA con str a in ts fr om  21 cm  lin e 
in ten sity m ap p in g

◦ Gr avitation a l w avs a s a  n ovel 
typ e of con str a in t
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W hat do w e kn ow  about Dark Matter?

◦ Quite  a  lo t of it  out ther e

◦ Zer o, or  ver y lim ited , 
in ter ac tion s w ith  the 
stan d a r d  m odel

◦ Cluster s gr avitation a lly, at  
lea st on  la r ge sca les

?

?

?
?
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Our  examp le scenar io an d  its con strain ts

◦ Our  an a lysis is m a in ly b ased  on  a  
m odel w ith  in ter ac tion s b e tw een  a  
heavy DM p ar ticle  an d  the 
stan d a r d  m odel n eutr in os

◦ In ter ac tion  str en gth  
p a r am eter ised  th r ough
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𝜎𝜎0
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Dat a Ma x 𝒖𝒖𝝂𝝂𝝂𝝂𝝂𝝂 Sou r ce

Plan ck  + SDSS ~3 × 10−4 Mosbech  e t a l.
a r Xiv:20 11.0 420 6

Plan ck  + 
SDSS+Ly𝛼𝛼 ~10−5 Hoop er  & Lucca

a r Xiv:2110.0 40 24
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First step s: Lin ear  evolution

◦ Lin ea r  Boltzm an n  eq uation s a r e  
useful for  descr ib in g ea r ly 
evolution  (𝑧𝑧 ≥ 50), an d  la r ge 
sca les (e.g. BAO)

◦ Sup er  good  for  CMB 
p r ed ic tion s

◦ Pr od uces in itia l con d ition s for  
n on lin ea r  simulation s
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Distin guish in g models (or  n ot) I: lin ear  results

◦ “Can on ica l” w ar m  d a r k  m atter  
sup p r esses sm a ll-sca le  
str uc tur e d ue to fr ee -str eam in g

◦ Models w ith  ea r ly in ter ac tion s 
be tw een  DM an d  r elativistic  
sp ecies sup p r esses sm a ll-sca le  
str uc tur e th r ough  collision s. 
Con ta in s osc illation s.

𝒎𝒎𝒘𝒘𝒘𝒘𝒎𝒎 𝒖𝒖𝝂𝝂𝝂𝝂𝝂𝝂
1 keV 8.5 × 10−7

2 keV 1.75 × 10−7

3 keV 7 × 10−8

4 keV 3.6 × 10−8
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Distin guish in g models (or  n ot) II:  The “late”

◦ We fin d  that in ter ac tin g m odels 
a r e  in d istin guishable fr om  
w ar m  d a r k  m atter  at  𝑧𝑧 ≤ 10

◦ The up side of w h ich : 
con str a in ts on  w ar m  d a r k  
m atter  can  be d ir ec tly m ap p ed  
to in ter ac tin g m odels
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Forecastin g SKA con strain ts

◦ SKA w ill be able  to m ap  the 
den sity of n eutr a l hyd r ogen  at 
h igh  r ed sh ift  w ith  the 21 cm  lin e 
th r ough  lin e in ten sity m ap p in g.

◦ SKA 21 cm  in ten sity m ap p in g 
for ecasts have a lr eady been  
don e for  w ar m  d a r k  m atter, so 
w e can  ad ap t to in ter ac tin g.

Dat a Ma x 𝒖𝒖𝝂𝝂𝝂𝝂𝝂𝝂 Sou r ce

Plan ck  + SDSS ~3 × 10−4 Mosbech  e t a l.
a r Xiv:20 11.0 420 6

Plan ck  + 
SDSS+Ly𝛼𝛼 ~10−5 Hoop er  & Lucca

a r Xiv:2110.0 40 24

SKA 21cm  lin e 
in ten sity m ap ~4 × 10−8*

Mosbech , Boeh m , & 
Won g
ar Xiv.220 7.0 310 7

*: For ecast – con str a in t a ssum in g n on -de tec tion
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Distin guish in g models (or  n ot) II:  The “early ”

◦ At ea r ly tim es, n on lin ea r  
evolution  h as n ot ye t er a sed  
osc illation s

◦ High -p r ecision , h igh  r ed sh ift  
m easur em en ts at h igh  𝑘𝑘 n eeded  
to d istin guish

◦ SKA can  in  p r in c ip le  m easur e 
21 cm  lin e at these r ed sh ifts.
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From sup p ressed  struc ture to gravitational 
w aves
1. Sup p r essed  str uc tur e

2. Less/delayed  
ga laxy/p r ogen itor  for m ation

3. Less/delayed  sta r  for m ation

4. Few er/delayed  black  hole 
b in a r ies for m ed

5. Few er  b in a r y black  hole 
m er ger s de tec ted
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Imp ac t on  galaxy formation

◦ Less str uc tur e m ean s few er  
ga laxies, sign ifican t if the 
sup p r ession  a ffec ts la r ge 
en ough  sca les

◦ Rules out 𝑢𝑢𝜈𝜈𝜈𝜈𝜈𝜈 ≥ 3 × 10−6
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The gravitational w ave merger  rate

◦ The effec t of sup p r essed  
str uc tur e for m ation  is clea r  on  
the m er ger  r ate

◦ Effec t is str on ger  at ea r ly tim es

◦ The base cold  d a r k  m atter  
m odel is on ly just comp atible  
w ith  cur r en t d ata  (for  our  
choice of a str o p a r am eter s)
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Next gen eration  GW  obser vator ies

◦ The n ext gen  can  see a lm ost ever y 
even t

◦ Next gen er ation  can  se t p ow er ful 
con str a in ts
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Con clusion s

◦ SKA w ill be able  gr eatly 
con str a in  DM m odels w ith  
sup p r essed  str uc tur e

◦ Next gen er ation  GW 
obser vator ies can  be used  
for  comp lem en ta r y 
con str a in ts

Dat a Ma x 𝒖𝒖𝝂𝝂𝝂𝝂𝝂𝝂 Sou r ce

Plan ck  + SDSS ~3 × 10−4 Mosbech  e t a l.
a r Xiv:20 11.0 420 6

Plan ck  + SDSS+Ly𝛼𝛼 ~10−5 Hoop er  & Lucca
a r Xiv:2110.0 40 24

SKA 21cm  lin e 
in ten sity m ap ~4 × 10−8*

Mosbech , Boeh m , & 
Won g
ar Xiv.220 7.0 310 7

2d F ga laxy coun ts ~3 × 10−6-10−7 Mosbech  e t a l.
a r Xiv:220 7.14126

Ein stein  Telescop e 
+ Cosm ic  Exp lor er ~4 × 10−8*

Mosbech  e t a l.
a r Xiv:220 7.14126

*: For ecast – con str a in t a ssum in g n on -de tec tion
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