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Outline

 Ultralight boson with a huge population is a cold dark matter
candidate. - 1610206y
¢ 1019 ——=—=
S m¢
* It can be generated by a misaligned initial amplitude forming a
coherent state (e.g., QCD axion with instanton potential).

* New idea: Coherent DM state driven by thermal fermions.



Bosonic DM in a coherent state

* Coherent state = Eigenstate of  * Coherent state = classical wave

annihilation/creation operators A | |
& d(x) = [ [axe™™* + afett¥]

¢(x) = [ [are ™™ + ajfe*t*]
Assuming a monochromatic state

arlde) = drlde); ailde) = drlde)
(ak>c = ¢k; (al-Dc - (l);;

(B())e = poe™0* + g ettio*
Energy density: py = 2m§5|¢o|2

10~22eV

Mg

DM amplitude around us : p$, = 0.3GeV/cm? = |¢p$| = 1012GeV



Misalignment mechanism

* Evolution in the FLRW universe: < Analytic solution
p = Y
(X)) = ¢(¢) B )_C1]1/i§4) +C, 1;11/(:0
$(t) + 3HP() +V'(¢) = 0

: . H»my(x <KD : ¢=¢;5=0
* For an approximately free field: ¢

sin(m¢, t+§)
3/4

3 H 1) : ~ ¢;
B () + 2= ¢'() + B(x) ~ 0 “me > Db

~ 2. =27
o g mg » Heq ~ 3-107%7eV

m? 2 10-20ev\ /*
CDM density: pDM(xeq) ~ 0.48 eV* p(p(X) ~ 312 = ¢; ~ 0.01 Mp< m, )



ysol = Series[y[x] /. ysol, {x, @, 1}] // FullSimplify

DSolve[y'"[x] +3/2/x y'[x] + y[X] =0, 21/4(CzGammaH] Cq + Cy 54

- + +0[x]
y[x], x][[1]] 7 A/x 21/4Gamma[i]
Bessell [1, x] Cq BesselYH, x] Cy ) o
{y[x] N 4 " 4 } Series[y[x] /. ysol, {x, Infinity, 1}] // Normal
X1/4 X1/4
\/gcc2Cos[§+x] \Eclsin[gﬂd
- 34 * 34
yns =
NDSolve[{y''[x] +3/2/x y"'[x] + y[x] =0, y[0.01] ==1, (Y[X]"2+y'[x]"2)/2/.yns;
y'[0.01] == 0}, y, {x, .01, 180}] [[1]]; LogLogPlot[ {%, % x” (3/2), 0.4 (100 /x) 2 (x/108) " (3/2) },

Plot[{y[x] /.yns /. x> 10"xx, y'[xX] /.yns /. x> 10*xx},

{x, 0.1, 100}, PlotStyle » {Blue, Red, Yellow}]
{xx, -2, 2}, PlotStyle - {Blue, Red}]
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Scalar field in thermal background

e Scalar field interacting with

thermal fermions:

L'=yy ¢ (fafs + fLfr)

> Vyert(9) = — 2L 4, ({m2et) )

272 T2

Dolan+Jackiw,
Weinberg, 1974

* Leading thermal effects in

cosmological evolution:

. . 9
¢(t) + 3HP(t) + (m + mi)p() = —(L')r

d¢
9r grmyT*
2 _ 22 ! —

gr = 4N, (2) for f = q,1()

Esteban+Salvado, 2101.05804
Batell+Ghalsasi, 2109.04476



General features |

* Evolution from T,,, = 100 GeV

downtoT,, = 0.8 eV:
B+ 50 + (142 by ==

Ctgf Mp

Y6 a8 Mg’

T =c,Mpj2t ¢ =174/g.""

ct mgMp
2T?

QB — ¢/MP; Myo= m¢/10_zoeV

Ctgfmf
s =Y0748 my,

X1 =

(Notation)

x=m¢t=

* Vanishing initial condition at x,,,:

=00 =D0.

 Nontrivial evolution from
Tew (Xew) to Ty = my (xf),
and then free evolution from

Te(xr) to Tpq (xeq) for f =g, L.

* Evolution from T,,, to

Teq for f = v.



General features |

* Different types of solutions
depending on the location of

Ty (xq):

X1
Xew — 7 Xf = Xegq

Forf =q,l: 1) x; < Xep < Xp = Xeq
i) Xew < Xf < Xg 2 Xegq
iii) Xey < X1 < Xf = Xgq

Forf =v: Xew<x; < Xgq

220223 Yonsei

* The resulting DM density is to
be described by

2.2 .2 pr2
CFxs myMp

qu(xeq) ~ T x3/2

eq
Py = Ppu = c2x = 2.5 x 10~*m;;"?

Xey = 1071%m,, Xeq = 2 X 107my,

Xp =5 X 10‘4m20(m6/mf)2

My

X, = 10Y7ygmyg  xg =~ 2-10%* y, myg (m—>
&
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Asymptotic solutions in various regimes

o mxg x 133 x?
X > Xq ¢ (x) = 2074 \T(3/4) J/4(%) F“(z 4’ E’_T>

3/2

. 3 _Xs e 357 x?
¢" (x) + 5 ¢ (x) + P (x) ~3rG/a) (J1/400) = Y1400 ) Fiz <Z Z'Z;_T»

]1/4(x) c Y1/4(x)
x1/4 2 ,1/4

+ C;

X K Xq

_ 3 _ X1 o, . Xs B X o 21VXX] o —2iVxxs
PO F@ETEW =T =0
X > Xf

] - ) Jia@)  Yija(x)
(0 + ¢ (0 + $(x) = 0 F0) = L7+ G
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Case i)

DSolve[y'"[x] +3/2/x y"[xX] + Y[X] ==XS/X, y[x], x]1[[1]]:;

Series[y[x] /. %, {x, ©, 1}] // FullSimplify

Series[y[x] /. %%, {%, Infinity, 1}] // Normal // FullSimplify
2% ¢, Gamma[i] Cy+C,y 2 XS X

- + + +O[XJ5/4
T A/X 21/4 Gamma[i] 3

%S —Cos[g + X] (2c2+2”4ﬁx56amma[i]) +2¢:151n[§+x]

— +
X 2]_{_)(3/4

DSolve[y''[x] +3/2/xy'[x] + y[x] =0, v[x], x][[1]1];
Series[y([x] /. %, {x, @, 1}] // FullSimplify
Series[y[x] /. %%, {%, Infinity, 1}] // Normal

1/4 1
277 ¢y Gamma[;] Cq+ Cy

- + +O[)(J5M
T X p1/4 Gamma[j—’l]

|2 ¢, Cos |2 + x| /2 ¢, Sin| 2+ x|
s 8 s 8
- +
X3f4 X3f4




Case I) * Behaviors of ¢ & py with the vanishing initial conditions

yns = (y[x]*2+y'[x]"2) /2 /. yns;
NDSolve[{y""[x] +3/2/xy"[x] + yIx] =1/x, y[0.01] =1, LogLogPlot[ {%, % x~ (3/2), (100/x) "2 (x/100)~(3/2)},
y'[0.01] == 0}, v, {x, 0.01, 100} 1 [[111; (x, 0.1, 100}, PlotStyle -» {Blue, Red, Yellow} ]
Plot[{y[x] /.yns /. x> 10"xx, y'[x] /.yns /. X > 10"xx},

{xx, -2, 2}, PlotStyle » {Blue, Red}] ;
. 1ol PrRX

3/2

5L 0.100
N /](\ 0.010}

AN Al
osl 0.001,
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) * Behaviors of ¢ & py with the initial misalignment.

Case

yns =
NDSolve[{y''[x] +3/2/x y'[x] + y[x] =0, y[0.01] =1, (y[x]*2+y"[x]"2) /2 /. yns;
y'[0.01] = 8}, y, {x, ©.01, 180} [[1]]; LogLogPlot[ {%, %x"(3/2), 0.4 (160 /x) "2 (x/100)" (3/2)},
Plot[{y[X] /.yns /. X > 10°xx, y'[X] /. yns /. X » 10" xx}, {x, 0.1, 100}, PlotStyle » {Blue, Red, Yellow}]
{xx, -2, 2}, PlotStyle -» {Blue, Red}] .
10F
— prx®/?
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Scalar DM
condensed by g/l Solution

1) X1 < Xeyw < Xf

7 _J1a(0) 4T % ~1/4(%)
P(x) = x5< ()521)1/4 [61(0) = G1(xeu)] = 3()](2x/)1/4 [Go(x) — Gz(xew)]>

Cy ];/f/(f a Ca Yl/f/(f)
x<Xx x2 X2
f G,(x) = xFy , (?3'3;‘7)' Go(x) = 32 Fy G Z Z _T)
- 3 . -
B () + 5§ () + ) ==
Cy ™ 270(3)
= — Gilxs) — Golx
X > Xf vs 2D 1(zy) 3 a(zf)
Cy  21T(3)
¢" (x) + —d> (x) + ¢(x) =0 e 3 G2)
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Scalar DM
condensed by g/l

1) X1 < Xew < Xf

X<Xf

X

- 3 - -
() + - )+ P ==

B() + () + §) = 0

220223 Yonsei

2.2 2112
cFxé mgM
s "ttt P .
Pe(Xeq) = — 3 with ¢f = Cf + (3

xeq
( 5\ 2
42T <Z> x/‘Z‘ for x; « 1
cF= 3 3\?
[ <—>
4 for 1<K x
L 2V/2 !

1 4

4 2
— m m . 550 (mg\5 m
Ve =~ 3.6-107% %(—’j with = (m—f> K Myy K 2- 103 (m—f> for x; « 1

me = e e
N7

1016 /m,\* me\°
2——(-2L) ,2-103 (L) | for 1 < x¢
N; \mg m,

0 me .
<—> with m,, > Max
mg

mg < 46 eV (5.7 MeV) for f=e (b),

* : In-
(*) Neglecting Freeze-In: Jo < 5.3 (1.4) x 10-11.
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Scalar DM
condensed by g/l

i) Xeyw < X5 < Xy

X<Xf

Xs

- 3 - -
")+ F D+ ) ==

F"(0) + /() + Bx) = 0

220223 Yonsei
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Solution

f

< %(1 — \/?COS[Z(\/XJQ VEew?1)] —

—— sin[2(yF - \/xewxl)]>

J1/a(x) Y1/4(x)
\ Cq x1/4 + G x1/4
1
71':1’)%
I 21f} (xf) — } (xf)cos(2/T1xy) 1— 3 xy)sin(2/T1x7)| ,

1
Z s
:4_f[2rfo_]o(1f) Jl(zf cos(2,/T1Ty) — % ry)sin(2,/T1xy ]
\/ T

15



Scalar DM cfx§ myMp

~ : 2 _ 2 2
p¢(xeq) ~ 372 with ¢f = € + (3
condensed by q /I Xeq
( £\ 2
T 42T (= | xF f 1
11) xew < xf < Xq ) V2 (4> X forxp K x; <
Cf=< 3
nxf
Py for 1 < xr K x4
\ 1
X<Xf 1 o
¢7”(x)+i$’(x)+ﬁ$(x)—ﬁ y z36-10‘24m—26} "7 ) with my, « 31N_% s / for x; < x; < 1
2x X " $ Ne \m, 20 © \me fe
2 2
~53-107%*m %zwithm > 2-103 Ty for 1 < xf < x
X > Xr Yo = 9. 20{ 20 m f 1
f e

B+ () + ) = 0

(*) BBN constraint: ms < 107 (2.5 x 107?) eV for f = e (b),

Yo € 5.7 x 10719 (1.5 x 1078).
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Scalar DM
condensed by g/l

(i) 2y € zp < 1t

_l 8 2 - 4
oy 24 Moy’ My 28 [(my e 6 x 10 fmy\®
111) er < xl < xf Uo ~ 3.6 x 10~ _Z\rc W_Lt with ‘ZVP% (Tn,e) < Moy K Min [2 x 10 (T’,’Lt ) 3 j\;’C‘% M

(i) 21 € 1 € 2y
g 2 L9 %10 .
x < Xq o = 3x 10727020 e it 950108 () o < Min [3.2 x 101IN2 () 22X T (e
‘ N. my Me “\m, N? mg
Xs
¢”(.X') + d) (x) _|_ d)(x) — (i) 1 € x1 € ay:
TTL% m % 2 m ITS m 4
Yo~ 1.9 x 1072220 (—f) with 1.2 x 108N3 (-f) < Moy < 4.4 x 10 N2 ( f) for 25 < x;
NE \ e Me Mo
X1 <x < Xf ; 1
A 45 x 1072852 (T’“’) with magg 3> 4.9 x 108N 2 <ﬂ> for x < @,
1‘7\,: my Me

=1 3 ~, ~ _XS
B0 + o=/ + $) ==

» 3 . _ (*) BBN+Feeze-In: y, < 5.7 (1.2) x 10717,
¢" (x) + ﬂfl)'(X) +¢x) =0

my < 1.3 x 1072 (6.1 x 10%) eV for f =e(b)
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Scalar DM
condensed by v Solution

X Xew
x—i(l — /7 cos[Z(\/xxl —\/xewxl)] Wezs sm[Z(\/xxl \/xewxl)]>
(,E(X) = 3
L | V@, x5 [ m 4r(y)
x < X1 Cl 1xf/4 + CZ ;f/z} + (Zx)s1/4 F(%)]l/‘l-(x)Gl(x) - ]_1/4(X)Gz(x)
\
- 3 -, X1 ~ Xs
" (x) + Zd) (x) + ?CP(X) = (*) G (x) — constant for x —» oo
o) T 2%1“(%) Y1 (1) sin®(xq) = Y_3 (1) [ay — % sin(2uy)]
L G Go(ry) — — 1
X > Xq . Q%F(%)Cl(rl) +3 2(71) 5 7
a2 . ) ain _ 3 ( 1 a0,
B+ B0 + G0 = R O (L (LY L)
Lrsg _ £
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Scalar DM
condensed by v

x < Xq

- 3 - -
") + 5§ + 2 h00) ==

x>x1

¢ (x) +o <l) () + o) =—

220223 Yonsei

c2x2 méfMp
p¢(xeq) ~ 2 ¢;/2P with ¢Z = C? + C#
Xeq

NEAE
, Tz 2am2 C, C?+C?

Cy + + ~ 3.34 for x; > 1
1 2
2\/§ T (Z) Xg Xg
o 2 [0.05eV\ 0.05eV\*
Ve = 4.2-10 ms, . with m,, > 710 .

(*) BBN: ¥ ST X 107%  my <0.092 eV (

X —
=S~ 48x 1071t my"
X1

X _
L ~88m,,"

my, 4/3
0.05 eV)
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Conclusion

* An ultralight scalar can form a coherent DM state through its tiny
coupling to SM fermions.

* Considering the ¢qq or ¢ll coupling, it works for wide ranges of my ~
(10722,10%)eV and y, ~ (10728,1078).

* For the ¢vv coupling, DM genesis requires m, ~ (107'7,107")eV and
v ~ (1077,107°), and can occur very late at around T > 10T,.



